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GENERAL INTRODUCTION 
Background 
Phenolic resins and many related compounds have industrial 
applications as protective coatings, adhesives and integrated circuits [1]. In 
each case, the phenol-like molecule interacts with a substrate surface 
(typically metallic) in some way. This interaction may be a simple chemical 
bond between the molecule and the substrate, decomposition of the organic 
molecule, or a more complex interaction, possibly leading to 
surface-catalyzed polymerization. Since these interactions necessarily occur 
at the substrate surface, surface science techniques should be helpful in 
their characterization. 
Surface science techniques are used to study metal-adsorbate 
interactions for many different applications. For our purposes, we wish to 
answer fundamental questions about the metal-adsorbate interaction: What 
is the nature of this interaction? Which orientation does the adsorbate 
molecule prefer? Does the organic molecule decompose? Which functional 
groups bond? Does the substrate catalyze polymerization? In order to 
answer these questions, we employ three different surface science 
techniques: high resolution electron energy loss spectroscopy (EELS), 
thermal desorption spectroscopy (TDS), and Auger electron spectroscopy 
(AES). Auger electron spectroscopy provides information about the 
cleanliness of the metal surface [2], TDS determines temperature and 
coverage conditions for any chemical reactions [3], and EELS provides 
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vibrational information about the bonding geometry of the molecule to the 
surface [2]. 
The purpose of this dissertation is to examine the nature of the 
bonding between phenolic compounds with a metal surface. Our approach 
to this complex problem is simplification. First, we model the complex 
phenolic resins with smaller chemical analogs and second, we use a well 
characterized single crystal metal surface. The chemical analogs chosen to 
represent phenolic resins include phenol, catechol, resorcinol, 
hydroquinone, and pyrogallol. These molecules are all hydroxybenzene 
compounds, differing only in the number and positions of the pendant 
hydrojqrl groups. The metal single crystal face chosen is Ag(l 11), the one 
most closely representing a polycrystalline Ag surface. 
Literature Review 
When considering possible surface catalyzed reactions or 
polymerization of hydroxybenzene compounds on silver, it is helpful to 
review the literature of simple chemical analogs to these more complex 
phenolic molecules. The simplest class of chemical analog consists of 
aliphatic alcohols or thiols, which model the O-H functionality of 
hydroxybenzene compounds. In all cases, these compounds readily undergo 
O-H or S-H bond cleavage to form the alkoxide or thiolate on surfaces of 
metals such as A1 [4, 5], Cu(llO) [6-9], Pd [10-12], Ru [13], and Ni [14-17]. 
In these cases, bonding occurs through the lone pair electrons of the sulfur 
or oxygen atom. Aliphatic alcohols decompose little (if at all) on clean Ag; 
the presence of coadsorbed oxygen is necessary to obtain appreciable yields 
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of the alkoxide on these metals [18-20]. The Ci - C5 straight chain 
alkoxides formed on the pre-oxldlzed Ag surfaces are oriented with their 
allqrl chains parallel to the surface [20]. Alkoxides may form on clean Cu 
surfaces [8, 9]; however, again the presence of pre-adsorbed oxygen greatly 
increases the amount of alkoxy that forms [7-9, 19]. On the pre-oxidized Cu 
surfaces the chains appear oriented essentially normal to the 
surface [21, 22]. 
Unsaturation of the carbon chain can lead to bonding via a different 
mechanism, that of k bonds to the surface. Thus, unsaturated alcohols can 
bond to the surface via two different mechanisms: through the lone pair 
electrons of the o^ggen atom or through the n electrons of the unsaturated 
backbone. Bonding solely through the tc electron system would necessarily 
cause the molecule to lie parallel to the surface. However, if the molecule 
were already anchored to the surface through the lone pair electrons of the 
pendant atom, additional bonding via the TC electrons could cause the 
molecule to tilt away from the surface normal. Studies of unsaturated 
aliphatic alcohols indicate that 71-bonding does indeed contribute to the 
bond between the adsorbate and the metal surface. Unsaturated alcohols 
such as allyl alcohol and propargyl alcohol do not react with the clean Ag 
surface; however on the pre-oxidized Ag(llO) surface these molecules form 
an alkoxide intermediate [23]. Further, the planes containing the k orbitals 
are tilted 25-35° from the surface normal, indicating an off normal 
adsorption due to the TC-bonding of the double or triple bond with the metal 
surface [24]. 
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Another class of chemical analogs consists of aromatic molecules. 
Studies of these molecules provide information about the contribution of 
aromaticity to the surface chemistry of the hydroxybenzenes. This class of 
compounds may be subdivided into the following three categories: aromatic 
hydrocarbons (specifically benzene), heteroatom aromatic molecules and 
aromatic hydrocarbons with side groups (i.e., substituted benzenes). The 
first category, aromatic hydrocarbons, includes benzene, naphthalene, 
anthracene, tetracene, perylene, and coronene. On Ag(l 11) all of these 
molecules orient with the molecular plane parallel to the surface [25]. On 
different surfaces, however, the bonding geometry of these molecules 
depends on the coverage [26]. For instance, at low coverage, the 
adsorbate-metal bond occurs through the n electrons and thus, the 
molecules are oriented parallel to the metal surface. Further, when the 
bonding is chiefiy through the tc electrons, it is referred to as it-bonding or, 
for a six-membered ring. Tie bonding. However, at high coverage, bonding to 
the surface occurs only through cleavage of the C-H bonds. Thus, the 
molecules are oriented vertically on the surface, perhaps for steric reasons. 
In these cases, bonding is referred to as a-bonded, or Tin, where n depends 
on the number of a bonds formed with the surface [27]. 
Benzene has been studied extensively on a variety of metal surfaces. 
On most metals studied, and at most coverages, it is agreed that benzene 
assumes a parallel orientation on the surface and bonds primarily through 
the 71 electrons of the aromatic ring. For instance, a parallel orientation is 
observed for benzene on all surfaces of Ni studied: Ni(lOO) [28-30], Ni(l 10) 
[31], Ni(lll) [28-30, 32-34], and Raney Ni [35]. Similarly, for all surfaces of 
5 
Pt studied, including Raney Pt, Pt(lOO), (110), (111), and Pt/Al203 . benzene 
lies flat on the metal surface [32, 36-40]]. A parallel orientation is also 
observed on Pd(lOO) [41-43] and Pd(lll) [44]; however, in some cases a 
slightly tilted orientation is observed on Pd(l 11) [42, 45-47] and Pd(l 10) 
[48]. Further, if coadsorbed with CO on the Pd(l 11) surface, benzene 
assumes a parallel orientation [49]. Other metal surfaces, including Ir(l 11) 
[50], Mod 10) [51], Rh(lll) [52], Os(OOOl) [53], Ag(lll) [54, 55], Ru(OOl) 
[56], and Au electrodes [57] all exhibit a parallel, or nearly parallel, 
orientation of the benzene molecule. Further, a parallel orientation is also 
observed on oxide surfaces such as AI2O3 [40]. Finally, the molecular 
orientation of benzene is found to be coverage dependent on graphite, i.e., a 
low coverage yields the parallel orientation and a high coverage yields a 
perpendicular orientation [26]. 
The second category of aromatic analogs to the hydroxybenzene 
molecules is that of heteroatom aromatic molecules. Data exist for both 
five- and six-member aromatic rings with one of the ring atoms not a carbon 
atom. Pyrrole (C4H4N), a five-member heteroatom aromatic molecule, 
orients perpendicular, or nearly so, on Rh(lll) [58] and Ni(lOO) [59, 60], 
bonding via the nitrogen lone pair electrons and the n electron system. 
Studies of pyridine (C5H5N) on Cu(llO) [61], Ni(lll) [62], Ni(lOO) [62, 63], 
Ni(OOl) [64], Ag [65], Ag(lll) [66, 67], silver adatoms on Rh(lOO) [68], 
Pd(llO) [69], Pd(lll) [46. 70], Pt(lll) [71, 72], Pt(llO) [39], Ir(lll) [50, 73], 
and ZnOdiOO) [74] indicate that the nature of the adsorbate-metal bond is 
coverage dependent. For example, at low coverage, pyridine adopts the 
orientation of benzene, with its molecular plane parallel to the surface. 
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However, at high coverage, the molecule adopts an orientation more nearly-
perpendicular to the surface plane. In this slightly inclined orientation, the 
nitrogen atom of the ring forms the anchor point with the surface, with 
additional bonding contribution via the lone pair electrons of the nitrogen 
atom. Further, at least one study indicates that the orientation of the 
pyridyl species is temperature dependent i.e., at low temperatures, a parallel 
orientation is observed, whereas at high temperatures, an a-pyridyl (112) 
species is formed [60]. Pyrazine (C4H4N2), another six-member heteroatom 
aromatic molecule, binds through the nitrogen lone pair electrons and is 
tilted from the surface normal, indicating some % electron contribution [54]. 
The third category of aromatic molecules most closely related to the 
hydroxybenzene molecules includes the substituted benzenes such as 
chlorobenzene and benzenethiol. Chlorobenzene on Ag(l 11) has been 
studied by UV photon-induced chemistry, and is observed to undergo 
dissociation via cleavage of the C-Cl bonds. Following C-Cl scission, the 
molecule dlmerizes to form a chemisorbed biphenyl species oriented parallel 
to the surface, presumably bonded through the n electron system [75]. 
Benzenethiol (or thiophenol) undergoes S-H bond cleavage on Mo(llO) to 
form phenyl thiolate [76]. Again, the aromatic ring is nearly parallel to the 
surface at low coverage, and makes an angle of about 20° with the surface 
normal at high phenylthiolate coverage [77]. Thiophenol adsorbed on 
Ni(lOO) exhibits an inclined orientation with the S-C bond axis nearly 
normal to the surface [78]. On Pt(ll 1) and Ag(l 11) electrode surfaces, 
thiophenol bonds mainly through the sulfur atom [79, 80] and again, the 
molecule is oriented nearly perpendicular to the surface. 
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Finally, some data are also available concerning the molecules of 
interest, i.e., the molecules which are the subject of this dissertation. 
Phenol has been studied to some extent. When coadsorbed with oxygen, 
surface phenoxide is stabilized on Mo(l 10) [81, 82], and near-edge X-ray 
fine structure (NEXAFS) studies indicate the phenyl ring plane makes an 
angle of ~30° with respect to the surface normal [83]. When deposited from 
aqueous solutions on Pt(ll 1) electrodes, EELS studies indicate that phenol 
adsorbs with the aromatic ring parallel to the surface [84-86]. A NEXAFS 
study of phenol on Ag(l 10) indicates that the aromatic ring tilts 40 ± 5° from 
the surface plane [87]. The interaction of phenol with Ni(lll) has been 
studied by reflection-absorption infrared spectroscopy (RAIRS), and it is 
found to bond through the it electron ring, adopting a parallel orientation on 
the surface [88]. On Ni(llO) phenol is observed with a ring orientation "in 
proximity to the metal surface, but not necessarily parallel" [89]. On 
Pd(l 10), phenol coordinates to the surface via the n electrons of the 
aromatic ring and via the heteroatom; thus, it adopts an adsorption 
geometry with the ring plane in "close proximity" to the metal surface [90], 
i.e., a parallel orientation. Finally, on Cu(l 10) phenol adopts a parallel 
geometry to the metal surface. 
Catechol and hydroquinone have been studied previously using EELS. 
However, in the previous studies, the compounds are deposited from 
aqueous solutions, whereas in the present work, we employ gas phase 
adsorption. Catechol adsorbs parallel to the Pt(l 11) electrode surface as 
observed in EELS studies [85]. Packing densities, as determined by cyclic 
voltammetry (CV) studies, indicate that catechol orients parallel to the 
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Pt(lll) and Pt(lOO) electrode surfaces [91]. Thin-layer electrochemical 
techniques such as linear potential scan voltammetry and potential-step 
chronocoulometry show hydroquinone to adsorb close-packed in a flat, or 
parallel, configuration to smooth Pt electrode surfaces [86]. Further, 
packing density studies, along with EELS studies, indicate a parallel 
configuration for hydroquinone on the well-defined Pt(lll) surface [84]. 
However, on smooth, polyciystalline Pt surfaces, the orientation adopted by 
hydroquinone depends on the concentration of the aqueous solution from 
which it is deposited. One study indicates that the molecule is flat-oriented 
(i.e.. Tie or 7i-bonded) if deposited from a low concentration solution; 
whereas, when the adsorbate concentration is increased, the packing 
density on the surface increases abruptly and the molecule adopts an 
edgewise (i.e., t]2 or di-a) orientation [92]. Further, the adsorption and 
orientation of hydroquinone on this surface is affected by temperature. For 
example, the packing density of low adsorbate concentrations increases as 
the temperature increases and the packing density of high adsorbate 
concentrations decreases as the temperature increases [86]. 
Very few studies exist for pyrogallol and essentially none exist for 
resorcinol. F^ogallol has been studied by linear potential scan voltammetry 
and potential-step chronocoulometry using thin-layer electrodes, and is 
determined to lie flat on smooth Pt electrodes [86]. To the best of this 
author's knowledge, however, pyrogallol has not been studied using EELS or 
any other surface science technique. Finally, no literature is available, to 
date, on the surface characterization of resorcinol. 
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The study reported in this dissertation is unique in three respects. 
First, the vibrational studies are performed under UHV conditions, i.e., 
exposure of the metal to the compounds of interest is achieved in situ 
through exposure to vapors of the solid compounds. Second, to date, none 
of these molecules has been studied on the Ag(l 11) surface. Finally, this is 
the first comprehensive survey of the adsorption characteristics and 
vibrational properties of these molecules using TDS and EELS. 
Normal Mode Analysis 
Since the primary basis for this dissertation is vibrational 
spectroscopy, it is beneficial at this point to review some fundamentals of 
molecular vibrational spectroscopy as it applies to benzene, benzene 
derivatives, and high resolution electron energy loss spectroscopy. Each 
molecule has 3N degrees of freedom, where N is the number of atoms in the 
molecule. Three degrees of freedom are rotational, three are translational, 
and the remainder are vibrational. Thus, unless it is linear, each molecule 
will have 3N-6 normal vibrations. In theory, all atoms can participate in 
every normal vibration of the molecule, with amplitudes individual in 
magnitude and direction. The amplitudes are regulated by the symmetry 
relations of the molecule [93]. 
The benzene molecule consists of 12 atoms and thus, has thirty 
normal vibrational modes. Further, benzene is highly symmetric, belonging 
to the Deh point group. Because of the high symmetry, vector diagrams 
corresponding to all thirty normal vibrations can be derived simply by 
symmetry considerations. The atomic displacements lie in three main 
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directions: radial, tangential, and out-of-plane. Both the radial and 
tangential vibrations are in-plane, with atomic displacements pointing either 
normal to or along the tangent of the regular hexagon, respectively. An 
example of each of these three main types of vibrations is depicted in 
Figure 1. Vector diagrams for all thirty normal vibrations can be found 
elsewhere [93]. 
The thirty normal vibrations of benzene are listed in the first column 
of Table 1, according to the numbering system established by Wilson [94]. 
In the second column of Table 1, a description of the vibrational mode is 
given. Stretching vibrations are denoted by v, bending modes in which the 
vibrating atoms preserve a well-defined plane are designated by P (i.e., in-
plane, ip), and vibrations perpendicular to such a plane by y (i.e., out-of-
plane, op). Each normal vibration can be further characterized by the 
individual symmetry species of a particular point group. The symmetry 
species of the normal vibrations of the free benzene molecule, in point group 
Deh. are listed in the third column of Table 1. 
The introduction of substituents onto the benzene ring reduces the 
symmetry such that the normal vibrational modes can no longer be defined 
by the molecular symmetry. This is true since individual normal 
coordinates, depending on the substituents, will appear. However, the total 
number of vibrations of the substituted benzene is still 3N-6. Further, if 
only the six carbon atoms of the ring, the hydrogens of the benzene nucleus 
and the atoms of the substituent directly attached to the ring are 
considered, thirty normal vibrations may be separated from the rest. These 
thirty vibrations can be directly related to the thirty normal vibrations of 
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Figure 1. Vector diagrams of the three types of normal mode 
vibrations for benzene: (a) radial, (b) tangential 
and (c) out-of-plane. 
Table 1. Vibrational mode assignments for benzene. Symmetry species for the Deh. 
C2v. Cev. and Cgv point groups are presented. Hie shaded regions indicate 
symmetry species that represent totally symmetric representations of the 
respective point groups and obey the metal-surface selection rule. 
^Reference [93]. 
^Reference [44]. 
^Reference [52]. 
^Reference [32]. 
^Reference [29]. 
* The Deh point group represents the symmetry of the gas phase molecule. 
Mode # 
Vibrational Mode and Description 
Symmetry Species IR freq. (cm-l) a Intensity Pd(lll)b Rh(lll) c Pt(lll) / Ni(lll)«i Nl(lll) / Nl(lOO) «= Deh* CzvLU Ce, (//) C3v(//) 
1 Radial skel. /breathing aia Aï ai ai 993 880 
2 ^CH. In Dhase stretch aia ai ai ai 3073 2970/3030 3000 
3 PcH. In Dhase bend &2(L ba aa a2 1350 vw 
4 o p. skeletal, C, pucker b2g bi bi 707 vw 
5 Ych. o.d. trigonal bend b2a bi ai 990 WW 
6a Radial skel./lp bend e2tf ÊÉ# e e 606 WW 
6b Radial skel./lp C3 bend e2a ba e e 606 WW 
7a VcH tVcad. stretch «2. e e 3056 2970/3030 3000 
7b VcH (Vex), stretch eaa bg e e 3056 
8a Vrr. stretch 
€2ff e e 1599 WW 
8b Vrr.' stretch ba e e 1599 WW 
9a PcH. Ipbend «2» e e 1178 vw 
9b PcH. Ipbend eaa ba e e 1178 vw 1130 1115 
10a Yph. op Cr Ubratlon «la aa e e 846 vw 825 
10b "Yrw. op Cr Ubratlon «la b, e e 846 vw 
11 Yr'H. In phase, o.p. aau b, mm# 673 ws 735 776/819 890/920 750 
12 Rad. skel./Ca trig, bend biu bi ai 1010 WW 845 
13 VpH tVnf). trig, stretch blu i## ai 3057 3025 
14 Vrc bgu ba bg aa 1309 WW 1320 1325 
15 PrH'lp trigonal bend b2u ba bg aa 1146 WW 
16a op skeletal, Cg bend ^2u aa e e 398 
16b op skeletal, Cg bend «2u b, e e 398 
17a YCH.OP «2u 32 e e 967 vw 
17b Ym. op «2u b, e e 967 vw 
18a P™, ipbend «lu e e 1037 vs 1145 1150 845/1115 
18b PcH. IP bend «lu ba e e 1037 vs 
19a Vrr. stretch «lu e e 1482 vs 1460 1420 1420 1425 
19b Vrr, stretch «lu ba e e 1482 vs 
20a VpH (Vrx). stretch «lu e e 3064 vs 3025 2970/3030 3000 3025 
20b VrH tVp*). stretch «lu ba e e 3064 vs 
CO 
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benzene. Therefore, as long as the benzene nucleus dominates the force 
field of the molecule, the normal modes of the substituted benzene may be 
compared to the normal vibrations of benzene [93]. Thus, the loss features 
in the EEL spectra which can be attributed to the vibrations of the six ring-
carbons and the six other atoms directly bound to the ring, wiU be 
characterized by the numbers symbolizing the normal modes of the parent 
benzene molecule (i.e., those numbers listed in Table 1.) 
Upon adsorption onto a surface, the symmetry of a molecule is also 
reduced, according to its orientation on the surface. Thus, if the benzene 
molecule assumes a perpendicular orientation on the surface, its symmetry 
is reduced to C2v: however, if it adsorbs in a parallel configuration, its 
symmetry is reduced to Cnv. where n depends on the exact adsorption site. 
For comparison purposes, we will consider the adsorption of benzene on 
fcc(l 11) faces since Ag(l 11) falls into this category. With this restriction in 
mind, if benzene adsorbs in a parallel orientation, its symmetry is reduced 
to either Cev or Csv, assuming a high symmetry orientation. The symmetry 
species of benzene's normal vibrations under these various point groups are 
also given in Table 1. As noted earlier, benzene has been studied 
extensively on several different metal surfaces using vibrational 
spectroscopic techniques. The results of these earlier studies along with the 
mode assignments are also given in Table 1. 
Further, when an N-atom species adsorbs on a surface, its 3 degrees 
of translational freedom can be considered as an extra 3 degrees of 
vibrational freedom. For instance, the entire molecule may vibrate 
perpendicular, or parallel, to the surface plane. Such vibrations are 
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typically called frustrated translations, and occur at very low frequencies 
(< 600 cm-i) [95]. The classification of these extra degrees of freedom and 
their influence on the normal modes of the adsorbent depends primarily on 
the adsorption characteristics. For example, in all cases, the translational 
motion of the adsorbing species towards the surface must be converted to a 
vibration of the species against the surface (i.e., a stretching vibration 
perpendicular to the surface). However, classification of the translational 
motion parallel to the surface (two degrees of freedom) depends primarily on 
the strength of the adsorption [96]. If the molecule is physisorbed, or 
weakly bound, to the surface, then diffusion across the surface becomes 
possible and the parallel motion is characterized as a hindered translation. 
Conversely, if the molecule is chemisorbed, or strongly bound, to the 
surface, diffusion is inhibited and the translational motion parallel to the 
surface is described as a vibration parallel to the surface. Similar 
arguments apply to the rotations of the gas phase species which become 
hindered upon adsorption on the surface. For instance, if the adsorption is 
strong, a new vibrational mode (often called a libration) is observed; 
however, if the adsorption is weak, the motion may be referred to as a 
"psuedorotation" [96]. The latter scenario is most likely to apply to rotation 
around the surface normal and these vibrations are commonly referred to as 
wagging modes. Thus, vibrational modes different from those of the free 
molecule may be observed due to surface adsorption . 
Because an N-atom molecule can possess up to 3N-6 vibrations, the 
vibrational spectra of complex molecules may become complicated. 
However, spectroscopic selection rules can be applied to simplify the 
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interpretation of these spectra. These spectroscopic selection rules are 
based on whether transitions from one stationary state of a system to 
another, with the gain or loss of a quantum of energy, are allowed or 
forbidden. The type of transition observed in IR (and EELS) spectroscopy is 
the electric dipole-allowed transition. In the electric dipole transition, the 
charge distributions of the two different states differ in a way that 
corresponds to a change in the electric dipole. Thus, this transition can 
couple with electromagnetic radiation by interaction with the oscillating 
electric vector and then transfer energy to or from the electromagnetic 
field [97]. 
In general, the intensity, I, of a transition from a state described by \|/i 
to another described by xj/j is given by equation (1). 
I oc J Vi \|/j dT (1) 
The symbol n is a transition moment operator, corresponding to a change in 
the electric dipole. The electric dipole operator may be written in the 
following form, 
|i = Seixi + leiyi + X e^i (2) 
where ei represents the charge on the ith particle, and xi, yi and zi refer to 
the orientation of the oscillating electric vector of the radiation relative to a 
Cartesian coordinate system fixed in the molecule. Substituting equation 
(2) into equation (1) gives the following expression which is expressed as 
three separate equations due to the orthogonality of the Cartesian 
coordinates [97]. 
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I oc J \|/1 X \|/j dT 
I oe / y \|/J dx (3) 
I oc j \|/i z Yj dx 
The above equations mean that the transition from the ith to the jth 
state (or the reverse) may acquire its intensity in any of three ways, 
specifically, by interaction with an electric vector oscillating in the x, y or z 
direction. The above integrals can be nonzero only if the direct products of 
the irreducible representations of the ith and jth states and the 
representations to which the Cartesian coordinates (x, y, and z) belong 
contains the totally symmetric representation. Further, the Yi state is 
always considered to belong to the totally symmetric representation of the 
point group (i.e., Ai or a .) Thus, in order to determine if a transition is 
electric dipole allowed, one only needs to determine if any of the three 
following direct products are nonzero. 
Ti (S> Fx ® Ij 
n <8> Ty ® Tj (4) 
n O Tz <8> Ij 
In equation (4), T is the irreducible representation of the ith or jth state, or 
that containing the Cartesian coordinates (x, y and z). If any of the above 
direct products contain the totally symmetric representation, the transition 
is allowed, and further, the transition is considered polarized in the 
direction of the corresponding Cartesian coordinate. For example, if the 
only allowed transition corresponds to H (8> Tx ® Ij, the transition Is 
polarized in the x direction or, it is x-polarlzed. Therefore, an electric dipole 
transition will be allowed with x, y, or z polarization if the direct product of 
18 
the representations of the two states concerned is or contains the 
irreducible representations to which x, y, or z, belong, respectively. 
Since \|ri belongs to the totally symmetric representation of the point 
group, the coordinate x, y or z and i|g must belong to the same 
representation in order that their direct product contain the totally 
symmetric representation, whereby the representation of the entire integral 
contains the totally symmetric representation. Therefore, a fundamental 
transition will be infrared active (i.e., will give rise to an absorption band) if 
the normal mode which is excited belongs to the same representation as any 
one of the Cartesian coordinates x, y, or z [97]. 
In the EELS experiment, the incoming electrons lose some of their 
energy to the vibrational modes of the adsorbate through long-range 
interaction between the electric field of the incoming electron and the 
dynamic dipole of the adsorbate. This inelastic collision produces forward-
scattered electrons that eventually appear in the specular direction. The 
dipole nature of this interaction imposes a "metal-surface" selection rule 
under which only those vibrational modes with a component of the dynamic 
dipole moment perpendicular to the surface can be observed [96]. In a very 
general sense, these vibrational modes belong to the totally symmetric 
representation of the relevant point group. The individual symmetry species 
belonging to the totally symmetric representations of the relevant point 
groups are shaded in Table 1. 
If the direction perpendicular to the surface is chosen as the z-axis, 
this means that only the direct product 
n (8> Fz (8> Ij 
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need be evaluated; that is, products involving r* or Fy will not be dipole-
allowed. is the totally symmetric representation for all standard group 
tables used in this work with one exception, that is, Fz is totally symmetric 
for all Cnv point groups, but not Cg [97]. Effectively, this means that for the 
Cnv point groups, FJ must simply be the totally symmetric representation; 
for the Cs point group, there is an additional restriction Eirising from the 
definition of axes in Cg. According to Cotton [97], for the Cs point group, the 
z-axis lies in the surface plane, perpendicular to Oh. and belonging to the a" 
irreducible representation. The a' representation contains both x and y 
axes, both lying parallel to Oh, but only one of which can be perpendicular to 
the surface plane. Therefore, the dipole-allowed transitions for the Cg point 
group must belong to the totally symmetric representation, a', and also 
must contain a component of n perpendicular to the surface. The easiest 
way to satisfy the latter requirement is simply by inspection. 
Thus, once the symmetry of the adsorbate-metal complex is 
determined and the vibrations classified according to specific symmetry 
species, only those modes belonging to the totally symmetric representation 
and having a component of the dipole moment perpendicular to the surface 
will be observed in the EEL spectra. Application of the metal-surface 
selection rule to peaks observed in the EEL spectra assists in the 
assignment of those loss features. Furthermore, the presence, absence, and 
intensity of loss features can help to elucidate the molecular orientation of 
the adsorbate on the surface. These principles will be applied throughout 
this dissertation, and will form the foundation upon which interpretation of 
much of the experimental data will rest. 
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Explanation of Dissertation Format 
This dissertation is arranged in three parts. The three parts include: 
"Part 1: The Surface Characterization of Phenol on Ag(l 11): An EELS and 
TDS Study"; "Part 2: A Comparative EELS and TDS Study of Catechol, 
Resorcinol and Hydroquinone on Ag(l 11)"; and "Part 3: The Surface 
Characterization of Pyrogallol on Ag-Coated Polyester and on Ag(l 11): An 
EELS Study." The parts will be combined and published as one manuscript. 
Following Part 3 are the General Conclusions for the entire dissertation. 
The references cited in the Bibliography are just those from the General 
Introduction, Experimental Procedures and General Conclusions sections. 
All references cited within each part are listed at the end of each part. 
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EXPERIMENTAL PROCEDURES 
All experiments are performed in one standard stainless steel 
ultrahigh vacuum (UHV) chamber with a typical base pressure of 
1-2x10"^® Torr. A schematic of this chamber is shown in Figure 1. Ultrahigh 
vacuum conditions are achieved using a 400 L/s ion getter pump, a 170 L/s 
turbomolecular pump and a titanium sublimator. The chamber is equipped 
with a mass spectrometer, a retarding field energy analyzer for Auger 
electron spectroscopy (AES), a high resolution electron energy loss 
spectrometer (EELS), a metal evaporator, and an ion sputter gun and gas 
inlet manifold for Ar+ bombardment. Further, a dual needle gas doser 
assembly is used to introduce foreign gases into the chamber. The first 
dosing needle points at the crystal, allowing direct-line gas exposure of the 
crystal, while the second dosing needle is directed into the ionizing head of 
the mass spectrometer. This second needle allows for periodic purity checks 
of the dosing gas. 
The hydroxybenzenes are introduced to the UHV chamber via a 
syringe needle doser, that is, an open tube with an inner diameter of 
0.047 inch. The following dosing procedure is used: (a) establish a head 
space pressure of -100 - 200 mTorr in the sample bulb, (b) pump out the 
bulb through the gas manifold to <0 mTorr and (c) open the doser to the 
chamber to expose the crystal. This procedure is used since mass spectral 
data indicate that volatile contaminants exist in the sample bulb at 
pressures greater than ~0 mTorr, The exposure units reported are 
Langmuir (L, 1 L = 10"® Torr*s), calculated by multiplying the chamber 
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Figure 1. Schematic diagram of the ultrahigh vacuum (UHV) 
chamber. 
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background pressure during exposure by the exposure time. Thus, contrary 
to the normal usage, these exposure units do not reflect the integrated gas 
flux at the crystal directly. Instead, we assume that the units are 
proportional to the integrated flux, and thus, are still a useful, although 
qualitative, measure of the true exposure. Figure 1 depicts the location of 
the ion gauge relative to the doser, as this may have some effect on the 
ultimate background pressure measured. 
The metal evaporator is included in the chamber to facilitate studies 
of the hydro)qrbenzenes on fllms of Cu on Ag. The evaporator consists of 
two high conductivity Cu feedthroughs, Cu barrel connectors, a tungsten 
wire evaporation basket and oxygen-free, high conductivity (OFHC) Cu wire. 
Holes are drilled in the barrel connectors and the ends of the tungsten 
basket are inserted through the holes. The basket is held is place simply by 
the "tightness" of this fit, which also provides electrical continuity. The 
barrel connectors are attached to the end of the Cu feedthroughs by set 
screws. A segment of OFHC Cu wire is woven around the W basket, which 
melts and evaporates as current passes through the W wire. An external 
power supply is used to pass current through the evaporator basket. A 
diagram of the evaporator arrangement is shown in Figure 2. 
The chamber is periodically baked in an effort to reduce background 
contaminants and reach UHV conditions. Bakeout ovens have been 
designed and custom fit to the chamber such that, when assembled, the 
upper half of the chamber is enclosed. The lower portion of the chamber is 
wrapped with heating tapes and insulation for bakeout procedures. 
Topically, the chamber is baked at a temperature of 100 °C for a 24 hour 
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period or until the pressure begins to fall following an initial rise. The 
background pressure during a bakeout reaches "5x10-7 Torr after 
approximately 8 hours and then stabilizes at -5x10-8 Torr after 
approximately 20 hours. During bakeout, the gate valves between the 
pumps (i.e., turbomolecular and ion) and the chamber are open, and the 
pumps are pumping. Further, the turbo pump is baked using its own 
heating jacket, and the ion pump is baked using an internal heater. 
Periodically throughout the bakeout, the titanium sublimator pump (TSP) 
filaments are flashed. The three TSP filaments are flashed alternately with a 
current of ~45 A, while monitoring the chamber pressure. After shutting off 
the bakeout, all the filaments in the chamber (i.e.. Auger, EELS, TSP, and 
ion gun filaments) are flashed for ~1 minute, allowing them to outgas. Also 
at this time, the crystal is flashed to ~900 K to desorb any adsorbed 
contaminants. Further, the TSP filaments are periodically flashed following 
a bakeout to help decrease the background pressure. Within 12 to 18 hours 
after a bakeout is turned off, the chamber base pressure is typically 
~ 1x10-10 Torr. 
The Ag(l 11) crystal is approximately 1 cm^ in area and approximately 
4 mm thick, and it is oriented and polished to within 0.5° of the (111) face 
on both sides. The initial crystal cleaning procedure in vacuum is a 
repeated cycle of ion bombardment at 370 K, annealing to 570 K and 
oxidation to remove any bulk contaminants such as C, S, or O. Sample 
cleanliness is monitored by either EELS or AES. Between experiments the 
sample is cleaned by exposing the sample to 12 L O2 followed by heating to 
900 K to desorb any remaining contaminants. The characteristic Ag Auger 
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transitions occur at ~266, 304 and a doublet at 351 and 356 eV [98]. Since 
the contaminant C Auger transition occurs at 272 eV and overlaps the 
266 eV Ag transition, the cleanliness of the Ag surface is estimated when the 
C272/Ag304 peak ratio, R, is within the range of 0.42 - 0.55 [99]. In the 
current experiments, the above cleaning procedure is repeated until the 
C/Ag Auger ratio falls within the range of 0.500 and 0.650. An AES 
spectrum of a clean Ag surface is shown in Figure 3. The cleanliness of the 
Ag crystal is also monitored by EELS and is assumed clean when the EEL 
spectrum is featureless. An EEL spectrum of the clean Ag surface is shown 
in Figure 4. A clean crystal is essential to assure reproducible experimental 
results. 
Because Ag is not easily spot welded, a uniquely designed sample 
holder is used. A drawing of this sample holder is shown in Figure 5. The 
sample holder consists of three Cu blocks: one T-shaped backbone and two 
heater blocks. The Cu blocks are separated by two 0.020 inch sapphire 
sheetsand are aligned using a glass rod. The sapphire and glass provide 
electrical isolation, while allowing thermal conduction, across the blocks. 
Four Mo rods (0.063 inch diameter) extend in a square configuration out 
from the face of the sample holder, and two Ta wires (0.020 inch diameter) 
are spotwelded vertically across these Mo rods, connecting the top and 
bottom rods. Two Ta wires (0.015 inch diameter) are spotwelded to the 
thick Ta wires horizontally, to connect the left and right sides. Thus, the Ta 
wires form a square extended out from the sample block via the Mo rods. 
The Ag sample is supported in this Ta wire square by pressing the wires into 
grooves cut in the top and bottom edges of the crystal. 
27 
266 
304 
351 
356 
100 200 300 400 500 600 700 800 
Electron Energy (eV) 
Figure 3. Auger electron spectrum of clean Ag. 
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Sample heating is achieved by passing current through the Ta wires 
using an external power supply. The crystal temperature is measured by 
0.005 inch diameter Cr-Al thermocouple wires spotwelded together, with the 
resulting Junction press-fit into a 0.018 inch diameter hole drilled in the 
center back of the crystal. Sample cooling is accomplished by means of a 
liquid nitrogen reservoir connected to the sample block via Cu braid. Liquid 
nitrogen is pumped into the reservoir using a recirculator designed and built 
elsewhere [100]. Sample temperatures of ~175 K can be attained using this 
cooling method. Initial sample cooling, from room temperature to -200 K, 
takes between 2 and 3 hours; however, once cooled, the sample will cool 
from 900 to 200 K in about 5 minutes. 
The hydro^grbenzenes used in this study (phenol, catechol, resorcinol, 
hydroquinone, and pyrogallol) are reagent grade. All the chemicals are 
obtained from and specified as 99% pure. These compounds are used 
without further purification except to pump out the sample bulbs overnight 
on the gas manifold. The purity of each compound is confirmed in-house at 
the Chemistry Department Instrument Services Facility using a solid probe, 
Finnigan 4000 quadrupole mass spectrometer. The purity is also confirmed 
by gas phase mass spectrometry in situ using a UTI lOOC quadrupole mass 
spectrometer and compared with reference spectra. The mass spectra of 
individual compounds are presented and discussed in subsequent chapters. 
Between experiments the sample is cleaned as described previously, 
and prior to each exposure to a hydro^qrbenzene, is cooled to 200 K. 
Thermal desorption measurements are done using a UTI lOOC quadrupole 
mass spectrometer interfaced to an Electra 286 personal computer and a 
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commercial temperature controller [101]. The computer program used to 
acquire the thermal desorption data is described in Appendix A of this 
dissertation. The computer allows essentially simultaneous detection of up 
to eight masses as a function of time and temperature. 
The mass spectrometer ionizer is in line of sight with the crystal and 
about 5 cm removed. The ionizer is partially enclosed by a concave 
stainless steel disk. A 1 cm diameter hole is cut in the center of the disk, 
and the crystal is aligned directly in front of this hole. This arrangement 
ensures that only molecules desorbing from the crystal surface reach the 
ionizer. A detailed schematic diagram of this arrangement is shown in 
Figure 6. 
The sample temperature and the linear heating rate are controlled by 
a commercial temperature controller whose function is described elsewhere 
[101]. The feedback circuit, which controls the sample temperature, ramps 
linearly in millivolts [101]. Figure 7 shows the relationship between 
temperature and voltage over the temperature range of interest i.e., 200 to 
900 K. The sample heating rate for all the compounds is 7 K/s. Since the 
conversion between millivolts and temperature is essentially linear for the 
Cr-Al thermocouple, the sample heating rate remains constant over the 
temperature range of interest. 
The EELS experiments are performed using a commercial 
spectrometer [102]. Energy loss measurements are recorded in the specular 
direction with the crystal temperature at -200 K after flashing to the pre­
determined temperatures. The above procedure produces changes in the 
surface order and reflectivity of the crystal which are characterized by a 
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change in the intensity of the elastic peak. No adjustments are made to the 
incident beam energy to lessen the effects due to these changes (i.e., the 
beam energy is kept constant at 5.0 eV throughout the experiments); 
however, minor focusing adjustments are made to maintain the resolution of 
the elastic peak. Typically, the elastic peaks have intensities between 
1.5x10^ and 9.0x10'^ counts/sec with resolutions of 81 cm-i (10 meV). 
The design, construction, assembly, and testing of the components of 
this system, including the computer software and hardware, constituted a 
major part of the Ph.D. effort of this author. This major task was 
accomplished primarily by the author, with assistance from several 
post-doctoral fellows, including Drs. J. L. Davis, J. Dyer and J. Burnett, and 
other graduate students in Dr. Thiel's research group. Although many 
components (including the UHV chamber, the EELS spectrometer, the 
retarding field analyzer, and the ion sputter gun) were purchased 
commercially or donated by industrial sources (i.e.. Ford Motor Co. and the 
3M Co.), considerable effort was still required to coordinate their successful 
incorporation into a single system and to bring them to an operational level. 
Other items, such as the gas handling system, gas doser, sample mount, 
and bakeout ovens, entailed even more effort since they were designed by 
the author and built under her supervision, in-house. The resultant system 
is a versatile and well-functioning apparatus which is very well suited for 
the study of hydroxybenzene surface chemistry. 
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PART 1: 
THE SURFACE CHARACTERIZATION OF PHENOL ON Ag(lll): AN EELS 
AND TDS STUDY 
36 
1. INTRODUCTION 
Simple organic molecules can form ordered overlayers on Group VIII 
metal surfaces [IJ. The formation of these overlayers is interesting since 
they serve as models or precursors to organic thin films or surface catalyzed 
reactions. The study of these simple systems is important to determine the 
nature of the more complex interaction between an organic thin film and a 
metal substrate. The chemical reaction and bond geometry between the 
analog molecules and the substrate model the interfacial chemistry between 
an organic thin film and a metal substrate. It is the interfacial chemistry 
that ultimately influences the macroscopic properties, such as adhesion, of 
the organic film and the metal substrate. 
Phenolic functionalities are often added as adhesion promoters, that 
is, to enhance the adhesive bonding of a polymer to a substrate [1]. Rather 
than examine the surface characteristics of a complex phenolic resin, we 
have chosen to model such a system with the simple phenol molecule. 
Phenol may bond to the metal surface via two different mechanisms. One 
interaction involves bonding via the oxygen lone pair electrons and the 
second mechanism is the interaction of the 7t-ring system with the surface. 
Only a few studies of the surface characterization of phenol are reported in 
the literature. The adsorption and orientation of phenol has been studied 
previously on Cu(llO) [2], Pt(lll) [3], Mo(llO) [4], Ni(llO) [5], Ni(lll) [61, 
and Pd(l 10) [1]. In all of these studies, the adsorption is characterized by a 
loss of the phenolic hydrogen to form a phenoxide species that is adsorbed 
with the ring plane nearly parallel to the surface for below saturation 
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coverages. More recently, near-edge X-ray fine structure (NEXAFS) and 
X-ray photoelectron spectroscopy (XPS) studies indicate that below 
saturation coverages, the phenol aromatic ring tilts 50 ± 5° from the surface 
normal on Ag(l 10) [7]. However, on oxygen precovered Mo(l 10), evidence 
has been presented for a near perpendicular geometry, with bonding 
through the ojg^gen lone pair electrons [8]. 
This study examines the interaction of phenol on Ag(l 11), the 
closest-packed surface of silver, utilizing high resolution electron energy loss 
spectroscopy (EELS) and thermal desorption spectroscopy (TDS). Our 
objective is to characterize the reaction of phenol on Ag(l 11) to determine its 
bonding geometry, and to investigate any surface catalyzed reactions. The 
loss features observed in the EEL spectra are identified by comparison to 
vibrational mode assignments for phenol based on a normal mode analysis 
of benzene and by comparison to a previous surface vibrational study of 
phenol. The normal vibrational modes and frequencies of benzene are 
defined in the General Introduction of this dissertation (Table 1). The losses 
are further categorized into symmetry species of normal vibrations in 
different point groups. The two point groups chosen for comparison in this 
phenol study are C2v and Cs, representing a perpendicular or parallel 
molecular orientation, respectively. Use of these point groups assumes that 
the surface imposes no specific site symmetry, yet does take into account 
the decrease in symmetry imposed by surface adsorption. 
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2. EXPERIMENTAL 
The experiments are performed in a standard stainless steel ultrahigh 
vacuum (UHV) chamber with a typical base pressure of ~1 to 2x10" ^ 0 Torr. 
A schematic diagram of this chamber is shown in Figure 1. A complete 
description of this chamber is provided in the Experimental Procedures 
section of this text; however, details pertinent to the experiments with 
phenol will be included below. 
The UHV chamber is equipped with a mass spectrometer, a retarding 
field energy analyzer for Auger electron spectroscopy (AES), a high 
resolution electron energy loss spectrometer (EELS), and an ion sputter gun 
and gas inlet manifold for Ar+ bombardment. Further, a needle gas doser 
assembly is used to introduce the phenol into the chamber. 
The phenol used in this study is reagent grade, purchased from 
Aldrlch and specified as 99% pure. The phenol is used without further 
purification except to pump out the sample bulb through the gas manifold 
overnight. The purity of the phenol is confirmed In-house at the Chemistry 
Department Instrument Services Facility using a solid probe, Flnnigan 4000 
quadrupole mass spectrometer. The purity is also confirmed by gas phase 
mass spectrometry in situ using a UTI lOOC quadrupole mass spectrometer. 
The mass spectra obtained are compared with reference spectra found in 
the literature. The phenol purity is confirmed both before and after 
experiments, in situ, to check for decomposition in the stainless steel gas 
handling lines. The gas phase mass spectrum obtained in this manner is 
shown in Figure 2, along with the corresponding reference cracking pattern. 
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Although the relative intensities of fragments obtained in situ differ from 
those reported in the literature, all the prominent fragments are present. 
Phenol is "highly toxic", a vesicant, and light sensitive [9]; thus, 
special precautions must be taken in its handling and storage. At room 
temperature, phenol is an amorphous solid. This solid can be warmed 
slightly in a warm water bath and transferred into the sample bulb using a 
pipette. The phenol is transferred into the sample bulb under a nitrogen 
atmosphere in a glove bag. The glass sample bulb is then wrapped with 
aluminum foil to keep out light. The unused phenol must be refrigerated. 
The phenol is introduced into the UHV chamber via a syringe needle 
doser; that is, an open capillaiy tube with an inner diameter of 0.047 inch. 
The exposures are expressed in units of Langmuir (L, IL = 10"® Torr*s), 
calculated by multiplying the background pressure during exposure by the 
time of the exposure. We assume that the units are proportional to the 
integrated flux, and thus, are still a useful, although qualitative, measure of 
the true exposure. Phenol exposures are 20 s in duration, and typically, the 
chamber background pressure increases to -3x10"® Torr during exposure, 
thus, an exposure of 0.60 L. 
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3. RESULTS 
3.1. Thermal Desorption Spectroscopy 
The thermal desorption spectrum following phenol exposure at 200 K 
is shown in Figure 3. Only one exposure is shown since all other exposures 
produce the same spectrum. Two traces are shown in Figure 3, one for 
mass 94 and one for mass 2. Trace (a) represents mass 2, H2+, which is 
monitored to detect any hydrogen loss from the phenol. Trace (b) is for 
mass 94, representing the molecular fragment, C6H60H+, the most intense 
fragment in the phenol cracking pattern. 
Only one feature is observed in the TDS spectra and it appears at 
240 K. This peak represents a saturated state since increasing the exposure 
does not increase the area under the peak. Experiments monitoring other 
characteristic phenol fragments yield equivalent spectra to phenol (mass 
94). That is, no different desorption features from masses 66, 65, 39, 40, 
95, 38, and 63 are observed other than those due to cracking of phenol in 
the mass spectrometer ionizer. Thus, since all other fragments produce 
identical spectra, this 240 K peak suggests molecular desorption. The 
desorption energy is estimated to be 14.32 kcal/mole, assuming first order 
kinetics and using an approximate equation for desorption energy [10]. 
In adsorption experiments, mass fragments characteristic of phenol 
are monitored during a 20 s (-0.06 L) exposure to phenol. The results of the 
adsorption experiments indicate the steady evolution of dihydrogen (H2+, 
mass 2) from the onset of the dose. Second, we observe an initial onblast 
evolution of carbon monoxide (CO+, mass 28) followed by the intensity 
Figure 3. Thermal desorption spectra of (a) hydrogen and (b) hphenol from Ag(lll). The 
spectra are obtained by monitoring mass 94 (C6H5OH+) and mass 2 (H2+). Spectra 
equivalent to (b) are obtained if other, less-intense fragments are monitored. The 
sample heating rate is 7 K/s. 
(b) 
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becoming constant, and we observe a slow increase in water (H2O+, mass 
18) intensity, followed by its leveling off. The signal intensities of water and 
carbon monoxide level off at the same time. We suspect that these 
fragments are due to displacement from the chamber walls, and do not 
originate from the phenol itself. Finally, we observe a steady increase in the 
signal intensities of phenol (C6H60H+, mass 94) and all other major 
fragments in the cracking pattern of phenol, i.e., 66, 65, 39, 95, 38, and 63. 
Because of the steady increase in signal intensities of these fragments, we 
conclude that phenol adsorbs molecularly on the Ag(l 11) surface. 
3.2. Electron Energy Loss Spectroscopy 
Figure 4 shows EEL spectra for the deposition of phenol on Ag(l 11). 
Curve (a) represents deposition of phenol at 200 K, curve (b) is the spectrum 
after heating the crystal to 300 K, and curve (c) depicts the spectrum 
following crystal heating to 600 K. The spectra shown are representative of 
several spectra taken at different times, and the loss frequencies reported in 
Table 1 are average values. Thus, the frequencies in Table 1 may not be an 
exact match to those of Figure 4. 
The phenol EEL spectra are rich in that at least 6 loss features can be 
identified. However, at 200 K, only four of these features are prominent. 
The loss feature at 550 cm-i is associated with the skeletal structure of the 
aromatic ring, and is assigned to a combination of out-of-plane skeletal 
vibrations and radial skeletal stretches. A very strong feature, observed at 
750 cm-i, is assigned to a combination of the 6(CH) deformation mode and 
radial skeletal stretches of the aromatic ring. This peak indicates 
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Figure 4. Electron energy loss spectra of phenol on Ag(l 11) at 
(a) 200 K, (b) 300 K and (c) 600 K. The vibrational 
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Table 1. Vibrational mode assignments for phenol on Ag(lll). Symmetry species for the C2v and 
Cs point groups are presented. The shaded regions indicate symmetry species that 
represent totAy symmetric representations of the respective point groups and obey the 
metal-surface selection rule. 
^Reference [11]. 
^Reference [3]. 
cThis work. 
^Reference [13]. 
^Reference [14]. 
^Reference [12]. 
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# 
Symmetry Species Phenol IRfreq. 
(cm-1)3 
Intensify® 
Phenol/ 
Pt(lll) 
(electrode)'' 
Phenol/ 
Agdlljc 
Thiophenol 
IRfreq. 
(cm-1)® 
Thiophenol/ 
Pt(lll) 
(e!ectmde)d = 
Thiophenol/ 
Ag(lll) 
(electrode)® 
Thiophenol/ 
Mo(110)f 
C2VCD c« (//) 
1 a' 810 s 750/7J,„ 1093 
2 a' 3076 3020 2935-3060 3056 3057 3070 3105 
3 b? a" 1313 w 1272 
4 bi 688 s 637 689 726 739 750 
5 b j , ,  a' 978 vw 991 1000 1036 1035 
6a a' 526 m 550 698 726 739 750 
6b b2 a" 617 w 617 
7a a' 3030 sh 3020 2935-3060 412 
7b bo a" 3044 3048 3057 3070 3105 
8a a* 1604 vs 1620 1705 1582 1516 1590 1510 
8b b2 a" 1596 vw 
9a a' 1167 m 1130 1165 1182 1145 1167 
9b bj a" 1145 m 1159 
10a 32 a" 825 m 834 
10b h 241 185 
11 b; 749 vs 787 750/?^^ 736 
12 a' 999 m 1002 1000 1036 1035 
13 a* 1259 vs 1259 1345 3037 3057 3070 3105 
14 bg a" 1333-1376 s 1370 1329 
15 bz a" 408 278 
16a aa a" 410 w 
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aromaticity of the molecule on the surface. The third identifiable peak in 
curve (a) appears at 1450 cm-i, and is assigned to the vcc stretching mode. 
Finally, the peak appearing in the range between 2960 and 3060 cm-i can 
be assigned to the vch stretching mode. The low frequency of this peak is 
indicative of aromatic C-H stretches. 
The 300 K phenol EEL spectrum depicted in curve (b) is quite similar 
to that of the 200 K spectrum; however, some changes are apparent. For 
example, the loss feature at 550 cm-i has all but disappeared. Second, the 
peak at 750 cm"i is shifted to a higher frequency of 790 cm"i and has 
decreased considerably in intensity. Further, at least two more features, 
appearing at 1165 and 1345 cm-i, can be identified. The loss feature at 
1165 cm-i is assigned to pcH bending vibrations, and that at 1345 cm-i is 
tentatively assigned to the vc-oh stretching mode. Normally, this mode 
appears at-1260 cm-i as noted in the IR literature [11]. The vcc stretching 
mode appearing at 1450 cm-i has not changed in frequency from the 
previous spectrum; however, it has decreased in intensity. Another new 
peak can be identified in the 300 K spectrum, appearing as a shoulder at 
-1705 cm'i. Like the preceding 1450 cm ^ feature, this peak is assigned to 
the vcc stretches of the carbon ring structure. Finally, the last feature in 
the 300 K spectrum occurs at 3080 cm-i with a low frequency shoulder at 
-2935 cm-i, corresponding to the vch stretching mode. 
After heating the crystal to 600 K, the EEL spectrum is almost 
featureless as shown in curve (c). At this temperature, only one loss feature 
can be identified, the vch stretch occurring at 3080 cm-i. This peak is most 
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likely due to hydrocarbon residue, presumably due to decomposition of 
phenol on the surface. 
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4. DISCUSSION 
This study allows the identification and structural characterization of 
phenol on the Ag(l 11) surface. As is discussed in detail below, TDS results 
indicate molecular desorption (i.e., retention of aromaticity), as do features 
in the EEL spectra at temperatures below 600 K. Further, although the 
TDS and EELS results seem to indicate no dehydrogenation (i.e., O-H bond 
scission) upon phenol adsorption, the possibility is not ruled out completely, 
Finally, a temperature-dependent model of the preferred orientation is 
proposed. 
4.1. Retention of Aromaticity 
Phenol adsorbs associatively on the Ag(l 11) surface at 200 K. This 
associative adsorption is evidenced in adsorption experiments, as well as in 
the molecular desorption observed in the TDS experiments. Molecular 
desorption is inferred since mass 94 represents the molecular fragment 
(C6H5OH+) and no different desorption features arising from other 
characteristic fragments are observed. 
The product of this molecular adsorption is phenol, as shown by the 
EEL spectra. Table 1 summarizes the observed losses in the EEL spectra, 
as well as their assignments. All phenol vibrational mode assignments are 
made by comparison to the normal modes of the benzene molecule as 
described in the Introduction of this dissertation. Thus, the phenol 
assignments are numbered according to benzene vibrational mode 
convention. Further, vibrational assignments for phenol [3] and thiophenol 
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[12-14] determined in previous studies are included in Table 1 for 
comparison. The mere fact that all of the observed loss features correspond 
to normal modes of the benzene molecule is a strong indication of the 
aromatic nature of the adsorbed species. 
At least two of the loss features observed in the EEL spectra, at both 
200 and 300 K, indicate aromatic character in the adsorbed species. The 
very strong feature centered between 750 - 790 cm-i is associated with the 
VI and vi 1 vibrations of the benzene ring. The vi mode represents radial 
skeletal vibrations, or "ring breathing" modes, whereas, the vn mode 
originates from ych out-of-plane bending vibrations. Further, losses in this 
frequency range can indicate the type of substitution in benzene derivatives, 
and in this instance, indicates a mono-substituted benzene [15]. Thus, the 
intensity and frequency of this loss is a strong indication of an aromatic 
species. 
Further indication of the aromatic nature of the adsorbed molecule is 
evidenced in the vqh stretch centered between 2960 and 3060 cm-i in both 
the 200 and 300 K spectra. This feature is assigned to the V2, vya, and V20a 
vibrational modes corresponding to the benzene ring. Generally, vch 
stretches for aromatic and ethylinic C-H bonds occur in the range between 
3030 and 3080 cm-^, whereas aliphatic and acetylinic C-H stretches occur 
at much lower or higher frequencies, i.e., 2840 to 3000 cm-i for aliphatic 
Vch stretches and 3250 to 3340 cm-i for acetylinic vch stretches [15]. Also, 
it is common to observe multiple peaks in this region [15] as is present in 
these EEL spectra. Therefore, due to the frequency of the observed loss 
feature, the surface species is indeed aromatic at these temperatures. 
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After heating to 600 K, almost all the vibrational features disappear 
from the EEL spectrum. The only remaining peak at 3080 cm-i is assigned 
to a vcH stretch. As described earlier, the frequency of this stretch Indicates 
either ethylinic or aromatic vch stretches [15]. Since there is no further 
evidence of any aromatic character to the surface species, due to the 
absence of the 750 cm-i loss feature, we assume the high frequency stretch 
to be ethylinic in nature. This mode assignment agrees with other studies of 
adsorbed ethylene [16-18], propylene [19] and acetylene [20] di-a-bonded to 
the surface. Thus, we conclude that the vch loss originates from an 
ethylinic hydrocarbon residue on the surface. 
4.2. Dehydrogenation 
When considering the adsorption of phenol, there is a possibility of 
O-H bond scission, or dehydrogenation, even when the aromaticity of the 
ring is maintained. Is the O-H bond broken as the phenol adsorbs on the 
surface? If so, what is the fate of the hydrogen? Does it recombine with 
phenoxide, forming phenol? Does it form hydrogen gas and desorb? If no 
O-H bond scission occurs, how is the phenol bonded to the surface? 
Evidence in both the TDS and EELS results suggest no dehydrogenation of 
phenol upon adsorption at 200 K. 
At first glance, the TDS results suggest no O-H bond scission. If 
dehydrogenation occurs, followed by desorption of H2, we might expect the 
TDS trace of mass 2 to show at least one desorption feature. As shown in 
Figure 3, no H2 evolution is apparent at temperatures up to 900 K. 
Previous studies of phenol and thiophenol on Mo(llO) suggest O-H, (S-H) 
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bond scission and the formation of surface phenoxide (phenyl thiolate), 
evidenced by the desorption of dihydrogen gas [12, 21]. The absence of a 
separate desorption feature for mass 2, however, does not unambiguously 
rule out dehydrogenation. It is possible that the O-H bond breaks upon 
adsorption, but the hydrogen remains coadsorbed on the surface and 
preferentially recombines with the phenoxide which then desorbs as phenol. 
This explanation is only postulated at this point, but could be examined 
more closely by isotopic exchange experiments. 
All the EEL spectra evidence an absence of an vqh stretch. If present, 
this loss feature would appear at about 3623 cm-i [11]. Three possible 
explanations exist for the absence of this feature: (a) O-H bond scission 
upon adsorption, (b) hydrogen bonding on the surface or (c) parallel 
orientation of the O-H bond in accordance with the metal-surface selection 
rule. Only one of these possibilities favors O-H bond scission. If O-H bond 
scission occurs, we would expect no vqh stretch to appear in the EEL 
spectra [3]. Figure 5 shows how the surface phenoxide species might 
appear on Ag(l 11). As noted in the TDS experiments, we observe no 
conclusive evidence for O-H bond scission; however, the absence of an vqh 
loss feature supports the idea of phenoxide-hydrogen recombination and 
desorption. 
A second possibility, hydrogen bonding between phenol molecules, 
could also explain the absence of a vqh stretch. Since hydrogen bonded 
O-H bonds have small scattering cross sections in EELS and/or IR [22, 23], 
one might expect to observe only a very weak vqh stretch, or none at all. 
Evidence of hydrogen bonding between adsorbed phenol molecules has been 
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Figure 5. Diagram of the surface phenoxide species on Ag(l 11). 
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observed previously [6. 71. Figure 6 shows what hydrogen bonded phenol 
species might look like on the surface. Thus, the absence of a vqh stretch 
does not conclusively indicate O-H bond scission. 
Finally, in accordance with the metal-surface selection rule, the 
orientation of the O-H bond may make the vqh stretch essentially invisible 
in the EEL spectra. This possibility can be interpreted in two ways: either 
the entire phenol molecule is oriented parallel to the surface, or at least the 
O-H bond is parallel to the surface. Figure 7 shows these two possible 
orientations. Briefly, the metal-surface selection rule states that only 
vibrations with a component of the dipole moment change perpendicular to 
the surface are observed in EEL spectra. In either of the above cases, the 
O-H bond would be parallel to the surface, and the vqh stretch would not be 
observed in the EEL spectra. Therefore, again the absence of an vqh stretch 
in the EEL spectra does not conclusively indicate O-H bond scission. 
The above arguments, based on TDS and EELS results, seem to favor 
the hypothesis that no dehydrogenation or O-H bond scission occurs. 
Instead, the phenol molecule remains intact upon adsorption. Further, 
either the orientation of the O-H bond to the surface or hydrogen bonding 
between phenol molecules cause the vqh stretch to be essentially absent 
from the EEL spectra. Dehydrogenation, however, cannot be completely 
discounted until isotopic exchange experiments are done on this system. 
4.3. Ring Orientation and Normal Mode Assignment 
When considering possible molecular orientations of phenol on the 
surface, we can envision two scenarios. In the first scenario, we assume 
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Figure 6. Diagram of hydrogen bonded phenol on Ag(l 11). 
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7. Two possible orientations in which the O-H bond axis lies 
parallel to the surface. 
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that only one chemical species is present on the surface at all times. 
Further, we assume that this species adopts a single, well-defined molecular 
orientation, i.e., either perpendicular, inclined or parallel. The second 
scenario would allow at least two different species to exist on the surface as 
a function of temperature. Table 1 shows the normal mode assignments for 
the EELS loss features. 
EMdence for the "one species" scenario is found by categorizing the 
vibrational modes into specific point group symmetries and choosing the 
orientation that best agrees with that specific assignment. Table 1 shows 
the specific point groups to which the loss features in the EEL spectra can 
be assigned. Most of the loss features observed in the EEL spectra, both at 
200 and 300 K, can be assigned to vibrational modes in accordance with the 
C2v symmetry, i.e., the symmetry group representing a perpendicular 
orientation of the phenol molecule. The assignment of this symmetry point 
group assumes no perturbation from the adsorption site. The peak 
appearing at 550 cm-i is assigned to the Vga vibrational mode of benzene. 
This mode is due to in-plane skeletal bends and belongs to the totally 
symmetric representation of the C2v point group. The very strong feature 
centered between 750 - 790 cm-i is associated with the vi vibration of the 
benzene ring. The vi mode represents radial skeletal vibrations, or "ring 
breathing" modes, and belongs to the totally symmetric representation of the 
C2v point group. The feature at 1165 cm-i appears only in the 300 K EEL 
spectrum, and is assigned to the Vga vibrational mode of the benzene ring 
which corresponds to PcH. the out-of-plane bending mode. The peak at 
1345 cm-i can be assigned to via, the vc-OH vibrational mode of a 
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substituted benzene molecule. This feature appears at a higher frequency 
than the expected 1259 cm"i in the infrared spectrum of the free molecule 
[11], which may be caused by a perturbation due to bonding to the surface 
[24]. Finally, the vcc stretch at 1450 cm-i is assigned to the viga 
vibrational mode of benzene. These assignments, vga, V13, and viga, all 
correspond to totally symmetric representations of both the C2v and Cs 
point groups, but those Cs modes do not obey the surface selection rule, 
and therefore should not be visible in the EEL spectra. The vch feature 
centered between 2960 and 3060 cm-i is assigned to the V2, V7a and V20a 
vibrational modes. All three vibrational modes belong to the totally 
symmetric representations of both the C2v and Cg point groups; however, 
again, those of Cg symmetry do not obey the surface selection rule. Thus, 
the point group assignments of these features indicate a perpendicular 
molecular orientation on the Ag surface. Figure 8a shows how a 
perpendicular orientation might appear on the surface. 
At least two of the loss features, however, may be assigned to 
vibrational modes that belong only to totally symmetric representations of 
the Cs point group, i.e., the symmetry representing a parallel orientation on 
the surface. The peak centered at 750 - 790 cm-i could also originate from 
vii, a out-of-plane bend, and the peak appearing at 550 cm ^ from vieb. 
and out-of-plane skeletal bend. Further, as shown in Table 1, other loss 
features may be assigned to vibrational modes in the Cs point group; 
however, those modes do not obey the metal-surface selection rule, and 
would not be visible in the EEL spectra. A completely parallel orientation 
can be ruled out since only two of the six loss features belong to totally 
61 
(a) 
(b) 
Figure 8. (a) Diagram of phenol in a perpendicular orientation, 
assuming no dehydrogenation. 
(b) Diagram of phenol in an inclined orientation, at some 
angle, 0, from the surface normal. 
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symmetric representations of the Cs point group and obey the metal-surface 
selection rule. Thus, the presence and assignment of these two vibrational 
modes may only suggest some tilting of the phenol away from the surface 
normal. Figure 8b shows how a tilted orientation may appear on the 
surface. 
In addition to this work on Ag(l 11), phenol adsorbed from an aqueous 
solution has been investigated [3]. The previous study suggests parallel 
adsorption on the surface based on EELS results and packing density 
calculations. Recall, a parallel orientation is synonymous with the Cs point 
group; however, all loss features in the previous study are assigned to 
vibrational modes in the C2v point group, i.e., suggesting a perpendicular 
orientation. Confusion in the interpretation of EEL spectra arises from not 
carefully considering how surface adsorption reduces the symmetry of 
molecules. Therefore, all possible symmetries must be carefully considered 
and compared to determine the bonding geometry of the molecule on the 
surface. 
The second scenario suggests that more than one species exists on 
the surface as a function of temperature. Figure 9 shows this temperature 
dependent model, assuming no O-H bond scission. In this model, phenol 
assumes a tilted orientation on the surface upon adsorption at 200 K. At 
this temperature, the most intense feature in the EEL spectrum appears at 
750 cm-i. As discussed earlier, this feature can be assigned to either vi or 
vii, or it might possibly result from both of these vibrational modes. 
Because the frequency and intensity of this feature at 200 K most closely 
resembles that of vn, we shall assign it solely to the ych out-of-plane bend. 
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200 K 
H 0 
300 K 
I I 
600 K 
Figure 9. A proposed model for the temperature dependence of the 
orientation of phenol on Ag(ll 1). 
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The symmetry species of vn belongs to a totally symmetric representation 
only of the point group Cg, thus suggesting a parallel orientation. However, 
since most of the features in the EEL spectrum at 200 K belong to totally 
symmetric representations of the point group C2v (i.e., representing 
perpendicular orientation), we predict a tilted molecular orientation. 
As the crystal temperature increases, changes in the vibrational 
spectra suggest a new molecular orientation. The TDS results indicate 
molecular desorption at 240 K; however, phenol is still present on the 
surface as evidenced in the EEL spectrum at 300 K. Also, by 300 K, the 
frequency of the 750 cm-i shifts up to 790 cm-l, and further, the intensity 
of this feature decreases significantly. This loss feature is now assigned 
solely to the Vi vibrational mode, the radial skeletal, or "ring breathing" 
mode. Again, this mode belongs to the totally symmetric representations of 
both the C2v and Cg point groups; however, only the C2v symmetry species 
obeys the surface selection rule. The C2v point group represents a 
perpendicular orientation on the surface. Thus, by 300 K, the EEL 
spectrum suggests the phenol molecules assume a perpendicular 
orientation, as shown in Figure 9. This orientation change (i.e., from 
inclined to perpendicular) is similar to the parallel-to-edgewise (TI2) 
conversion observed for pyridine on Ni(lOO) [25]. 
By 600 K, only one feature remains in the EEL spectrum, appearing 
at 3080 cm-i. As previously discussed, this peak is assigned to a vch 
stretch, presumably due to a hydrocarbon residue remaining on the surface. 
Thus, by 600 K, either the phenol has molecularly desorbed or decomposed 
to only hydrocarbon fragments, as depicted in Figure 9. 
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The temperature dependent model just described suggests molecular 
desorption and irreversible decomposition of phenol on Ag(ll 1). At 240 K, 
some phenol is molecularly desorbed and some phenolic species remains on 
the surface. By 600 K, only a hydrocarbon residue is evident on the 
surface. Phenol also undergoes molecular desorption and irreversible 
decomposition on Mo(l 10) [21]. On Mo(l 10), it is suggested that two species 
coexist on the surface, phenoxide and either phenoxide adsorbed at a 
different site or molecular phenol. Also, total decomposition to atomic 
constituents is observed on Mo(llO), as indicated by XPS. We can only 
postulate what residue remains on Ag(l 11) at 600 K. Although our data do 
not unambiguously distinguish between a phenol or phenoxide species; 
however, it does suggest a change in orientation upon sample heating. 
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5. CONCLUSIONS 
We identify and characterize phenol adsorbed on Ag(l 11) using 
thermal desorption and high resolution electron energy loss spectroscopies. 
Phenol is adsorbed associatively at 200 K and desorbs molecularly at 240 K. 
Neither the TDS or EELS data suggest dehydrogenation upon adsorption or 
molecular desorption at 240 K. The EEL spectra indicate that some phenol 
remains on the surface at 300 K, thus suggesting some irreversibly bound 
phenol. Decomposition to a hydrocarbon residue occurs by 600 K. 
The vibrational losses observed in the EEL spectra can be assigned by 
comparison to normal vibrational modes of the benzene molecule and by 
comparison with assignments made by others of phenol or thiophenol. 
Upon adsorption at 200 K, the EELS loss features indicate an inclined 
orientation of phenol on the Ag surface. By 300 K, the orientation becomes 
perpendicular on the surface, and by 600 K, all evidence of phenol on the 
surface is gone. 
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PART 2: 
A COMPARATIVE EELS AND TDS STUDY OF 
CATECHOL. RESORCmOL AND HYDROQUINONE ON Ag(lll) 
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1. INTRODUCTION 
Since phenolic functionalities are often added to monomeric molecules 
as adhesion promoters [1, 2], phenol-like molecules serve to model the 
metal-adhesive bonding interaction. A phenolic functionality is defined as a 
compound similar to phenol, i.e., hydroxyl groups attached to a benzene 
ring. The number and position of the hydroxyl substituents on the benzene 
ring may also affect the metal-adhesive bonding properties. To examine this 
phenomenon, we investigate three phenolic compounds, each with two 
pendant hydroxyl groups. The model compounds include catechol 
(ortho-di-hydroxybenzene), resorcinol (meta-di-hydro:gbenzene) and 
hydroquinone (pora-di-hydroxybenzene). The structures of these 
compounds are shown in Figure 1. 
The surface reactions and bonding orientations of these model 
compounds are interesting to compare to those of phenol, the 
mono -hydroxybenzene. Like phenol, the di-hydrojqrbenzene molecules may 
bond to the metal surface via two different mechanisms. One mechanism 
involves the o:qrgen lone pair electrons and the second is the interaction of 
the 7t-ring system with the surface. Very few studies of the surface 
characterization of these compounds can be found in the literature. 
Catechol has been studied previously on Pt electrode surfaces using high 
resolution electron energy loss spectroscopy (EELS) and packing density 
calculations based on Auger electron spectroscopy (AES) and cyclic 
voltammetry (CV) measurements. In these studies, the catechol is deposited 
on the surface from aqueous solutions. Results of these studies indicate 
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OH OH OH 
.OH 
OH 
OH 
Figure 1. Diagram of the o-, m- and p-dihydroxybenzene molecules. 
(a) o-dihydroxybenzene (catechol). 
(b) m-dihydrojqrbenzene (resorcinol). 
(c) p-dihydroxybenzene (hydroquinone). 
72 
that in adsorbed layers one molecule thick, the aromatic ring of catechol 
orients parallel to the Pt(lll) and (100) electrode surfaces [3, 4]. 
Some studies of hydroquinone are found in the literature. Thin-layer 
electrochemical (TLE) studies of hydroquinone on Pt surfaces, deposited 
from aqueous solution, suggest that hydroquinone's orientation depends on 
several different factors, including solution concentration [5], surface 
roughness [6] and temperature [7]. Hydroquinone adopts a vertical, or 
"edgewise", orientation on smooth Pt surfaces and if deposited from 
solutions of concentrations greater than 1 mM, whereas on roughened 
surfaces or if deposited from solutions of concentrations less than 1 mM, a 
flat orientation is observed [5, 6]. Vibrational spectroscopic studies of 
hydroquinone on Pt(ll 1) using EELS, in conjunction with packing density 
calculations by quantitative AES, indicate a loss of the phenolic hydrogens 
upon adsorption in a parallel orientation on the Pt surface [8]. No surface 
studies of resorcinol can be found in the literature at this time. 
In this study, we investigate the interactions between catechol, 
resorcinol and hydroquinone with the Ag(l 11) surface using high resolution 
electron energy loss spectroscopy (EELS) and thermal desorption 
spectroscopy (TDS). Our objective is to characterize these interactions and 
to determine similarities and differences in their bonding geometry or 
reactivity. Our approach will be to compare the EEL spectra of these 
compounds to infrared data for benzene in order to identify and assign the 
observed vibrational modes. The normal vibrational modes of benzene, 
along with their frequencies, are defined in the General Introduction of this 
dissertation (Table 1). The EELS loss features observed for the 
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di-hydroxybenzene molecules are further categorized into symmetry species 
of normal vibrational modes in different point groups. For these 
compounds, the point groups chosen for comparison include C2v, C2v* and 
Cg, depending on the possible molecular orientations of the molecules on 
the surface. The difference between the C2v and C2v* point groups is the 
different orientation of the twofold axis. These point groups are chosen with 
the assumption that the surface has no specific site symmetry. 
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2. EXPERIMENTAL 
The experiments are performed in one standard stainless steel 
ultrahigh vacuum (UHV) chamber with a typical base pressure of 
-1 to 2x10" 10 Torr. A schematic diagram of this chamber is shown in Part I 
of this dissertation (Figure 1). A complete description of this chamber is 
provided elsewhere as well; however, details pertinent to the experiments 
with the di-hydroxybenzene compounds will be included below. 
The compounds used in this study are reagent grade, purchased from 
Aldrich and specified as 99% pure. All compounds are used without any 
further purification except to pump out the sample bulb through the gas 
manifold overnight. The purity of each is confirmed in-house at the 
Chemistry Department Instrument Services Facility using a solid probe, 
Finnigan 4000 quadrupole mass spectrometer. The purity is also confirmed 
by gas phase mass spectrometry in situ using a UTI lOOC quadrupole mass 
spectrometer. In the latter purity checks, a small stainless steel dosing 
needle directs the gas directly into the mass spectrometer ionizer. The mass 
spectra obtained are compared with reference spectra found in the 
literature. The compound's purity is confirmed both prior to and following 
experiments, in situ, to check for decomposition in the stainless steel gas 
handling lines. 
The gas phase mass spectrum obtained for catechol is shown in 
Figure 2, with the corresponding reference fragmentation pattern. A mass 
spectrum of catechol is not available in the literature, therefore the solid 
probe mass spectrum is used for comparison purposes. Although the 
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Catechol C6H4(OH)2 
no-
Mass Intensity 
110 
64 
63 
53 
55 
39 
92 
81 
100 
45 
19 
14 
13 
12 
12 
12 
64 
2. Mass spectrum of catechol. Electron energy is 70 eV. 
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relative intensities of fragments obtained in situ differ from those observed 
in the solid probe spectrum, all the prominent fragments are present. Some 
extraneous peaks are visible in the gas phase mass spectrum (i.e., masses 
121 and 82), however, these fragments decrease in intensity as the sample 
bulb is pumped out. Thus, the sample bulb is always pumped out to a 
pressure <0 mTorr before dosing the crystal. 
Figures 3 and 4 show the gas phase mass spectra of resorcinol and 
hydroquinone with their reference fragmentation patterns, respectively. In 
both the resorcinol and hydroquinone mass spectra, we observe two 
extraneous peaks, masses 94 and 66, which are prominent fragments in the 
phenol cracking pattern. It is possible that some of the resorcinol and 
hydroquinone converts to phenol in the stainless steel gas line. 
Special precautions must be taken when handling these 
di-hydro>qrbenzene compounds. All three compounds are light sensitive, 
and hydroquinone is also air sensitive [9]. Thus, the compounds are 
transferred into the sample bulbs under a nitrogen atmosphere, in a glove 
bag. The glass sample bulbs are wrapped with aluminum foil to avoid 
exposure to light. 
The compounds are introduced into the UHV chamber via a syringe 
needle doser. The exposures are expressed in units of Langmuir (L, 
1 L = 10 G Torr*s), calculated by multiplying the background pressure 
during exposure by the time of the exposure. We assume that the units are 
proportional to the integrated flux, and thus, are still a useful, although 
qualitative, measure of the true exposure. While a variety of exposures are 
probed in the TDS experiments, only a single exposure is used in the EELS 
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Resorcinol C6H4(OH)2 
39 Mass Intensity 
110 100 
82 12 
81 11 
69 9 
53 8 
55 7 
111 7 
39 7 
110 
Figure 3. Mass spectrum of resorcinol. Electron energy is 70 eV. 
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Hydroquinone C6H4(OH)2 
Mass Intensity 
110 
121 
100 
28 
110 
122 24 
28 16 
81 16 
54 14 
53 53 13 
55 12 
Figure 4. Mass spectrum of hydroquinone. Electron energy is 
70 eV. 
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experiments of the three compounds. For example, a 20 s (0.06 L) exposure 
is used for the catechol EELS experiments, whereas, 30 s (0.11 L) and 60 s 
(0.17 L) exposures are used for resorcinol and hydroquinone, respectively. 
These exposures provide a relatively high coverage in each case. 
80 
3. RESULTS 
3.1. Catechol 
3.1.1. Thermal desorption of catechol The thermal desorption 
spectra following increasing catechol exposures at 200 K are shown in 
Figure 5. Trace (a) in Figure 5 represents mass 2, H2+, and is monitored to 
detect hydrogen loss from the catechol. Only one trace is shown since the 
mass 2 traces are equivalent at all exposures, that is, no H2 is detectable at 
any exposure. Traces (b)-(g) are for mass 110, representing the molecular 
fragment, C6H4(OH)2+, the most intense fragment in the catechol cracking 
pattern (cf. Figure 2). 
Only two desorption features are observed in the mass 110 spectra. 
At low exposure, one desorption feature at ~220 K is observed. With 
increasing exposure, two desorption features are observed. The first 
desorption feature appears at ~220 K, with a second appearing at ~240 K. 
The intensity of the first feature remains essentially constant, whereas the 
intensity of the 240 K feature increases with increasing exposure. We 
attribute the low temperature feature to desorption off the heating wires, 
and the higher temperature feature is due to the catechol multilayer. 
Experiments monitoring other characteristic catechol features yield 
equivalent spectra to catechol (mass 110). That Is, no desorption features 
are observed for masses 53, 55, 63, 81, 92, or 121 other than those due to 
cracking of the catechol in the mass spectrometer ionizer. Thus, since all 
other fragments produce identical spectra, these peaks suggest molecular 
desorption. The desorption energy of the 240 K peak is estimated to be 
Figure 5. Thermal desorption spectra of (a) hydrogen and (b) - (g) catechol from Ag(lll). The 
spectra are obtained by monitoring mass 110 (C6H4(OH)2+) following exposure to (b) 
0.004, (c) 0.009, (d) 0.013 (e) 0.020, (f) 0.036, and (g) 0.059 L catechol.and by 
monitoring mass 2 (H2+). Spectra equivalent to that of mass 110 are obtained if other, 
less-intense fragments are monitored. The sample heating rate is 7 K/s. 
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14.32 kcal/mole, assuming first order kinetics and using an approximate 
equation for desorption energy [10]. 
3.1.2. Electron energy loss spectroscopy of catechol Figure 6 shows 
EEL spectra for the deposition of catechol on Ag(l 11). Curve (a) represents 
deposition of catechol at 200 K, curve (b) is the spectrum after heating the 
crystal to 300 K, and curve (c) depicts the spectrum following crystal 
heating to 700 K. The spectra shown in Figure 6 are representative of 
several spectra taken in different experiments, and the loss frequencies 
reported in Table 1 are average values. Thus, the frequencies in Table 1 
may not be an exact match to those in Figure 6. 
At 200 K, at least six loss features can be identified in the catechol 
EEL spectra. The loss at 560 cm-i is associated with the skeletal structure 
of the aromatic ring, and is assigned to a combination of in-plane and 
out-of-plane skeletal vibrations and radial skeletal stretches. The very 
strong feature, observed at 755 cm-i, is assigned to a combination of the 
YCH deformation mode and radial skeletal stretches of the aromatic ring. 
This peak indicates aromaticity of the molecule on the surface. The third 
identifiable peak in curve (a) appears at 1090 cm-i, and is assigned to a 
combination of the PcH in-plane bending mode and the Poh in-plane 
bending mode. The peak at 1270 cm-i is assigned to the vc-OH stretch 
associated with the aromatic ring. The fifth loss feature appears at 
1450 cm"i, and is assigned to the vcc stretching mode. Finally, the peak 
appearing in the range between 2960 and 3060 cm-i can be assigned to the 
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3060 
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Figure 6. Electron energjiel®ss)«pôctra of catechol on Ag(l 11) at 
(a) 200 K. (b) 300 K and (c) 700 K. The vibrational 
mode assignments are summarized in Table 1. 
Table 1. Vibrational mode assignments for catechol and "O-H" 
catechol on Ag(lll). Symmetry species for the C2v* and 
Cs point groups are presented. The shaded regions 
indicate symmetry species that represent totally 
symmetric representations of the respective point 
groups and obey the metal-surface selection rule, 
^Reference [19]. 
^Reference [3]. 
CThis work. 
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Mode 
# 
Symmetry Specie: IR freq. 
(cm-l)= Intensity® 
Catechol/ 
Pt(lll) 
(electrode)^ 
Catechol/ 
Ag(lll)c 
"O-H" 
Catechol/ 
Ag(lll)c Cav'QJ Cs(//) 
1 MM# a* 774 m 755 -765 760 
2 a' 
3 ba a" 1284 m 
4 a2 a" 722 vw 
5 ^2 a" 968 vw 
6a a' 548 w 560 - 575 560 
6b ^2 a" 502 9 b 
7a a' 1275 s 1254 1270 1270 
7b bg a" — — 
8a a' 1608 m 1618 
8b b2 a" 1625 s 
9a a' 1150 w 1090 1180 
9b bg a" 375 m 
10a bi #0# — — -
10b ^2 a" 204 m 
11 bi 745 s 755 - 765 760 
12 ^2 a" 847 s 
13 b2 a" 1243 m 
14 a' 1355 vs 1450 1470 
15 a' 277 w 
16a ^2 a" 566 w 
16b b, limmrn 448 m 508 560 - 575 560 
17a ®2 a" 857 sh 
17b bi 938 m 857 
18a ^2 a" 1090 s 
18b a' 1042 s 961 1090 
19a b2 a" 1469 s 
19b mm# a' 1515 vs 1378 1450 1470 
20a ^2 a" — — 
20b a' 3045 w 2981 2930/3060 2920/3055 
^oh a' 3342 vs b 3435 
^OH ^2 a" 3460 vs 
PoH n, a' 1162 w 1180 
PoH ba a' 1190 s 
YOH bi 630 s 
yoh a2 a" — — 
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VCH stretching mode. The low frequency of this peak is indicative of 
aromatic C-H stretches. 
The 300 K catechol EEL spectrum depicted in curve (b) is very similar 
to that of the 200 K spectrum; however, some changes are apparent. For 
example, the 560 cm-l loss feature is shifted up to 575 cm-i. Second, the 
peak at 755 cm-i is shifted up to 765 cm-i and is decreased considerably in 
intensity. The loss feature at 1090 cm-i is indistinguishable from the 
background, and the peaks at 1270 and 1450 cm i are both decreased in 
intensity. Finally, the last feature in the 300 K spectrum occurs at 
3045 cm-l with a low frequency shoulder at 2930 cm-i, corresponding to 
the vcH stretching mode. 
After heating the crystal to 700 K, the EEL spectrum exhibits only 
broad features as shown in curve (c). At this temperature, two weak 
features are identified, one appears at about 760 cm-i and the second at 
-3070 cm-i. The 760 cm"i loss feature indicates some aromatic nature of 
the surface species, as does the low frequency of the second loss feature. 
Further, the latter loss feature is the vqh stretch, and most likely represents 
a hydrocarbon residue, presumably due to decomposition of catechol on the 
surface. 
The author would like to note that in some instances, different 
catechol EEL spectra are observed and will be referred to as "OH" catechol 
spectra. In both instances, the deposition conditions are the same. 
Figure 7 shows "OH" EEL spectra for the deposition of catechol on Ag(l 11). 
Curve (a) represents deposition of catechol at 200 K, curve (b) is the 
spectrum after heating the crystal to 300 K, and curve (c) depicts the 
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X) 2000 
Energy Loss (cm-1) 
Figure 7. Electron energy loss spectra of "O-H" catechol on Ag(ll 1) 
at (a) 200 K, (b) 300 K and (c) 800 K. The vibrational 
mode assignments are summarized in Table 1. 
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spectrum following crystal heating to 600 K. The frequencies of the loss 
features observed in the "OH" spectra are also reported in Table 1. 
At 200 K, at least seven loss features can be identified in the "OH" 
catechol EEL spectra. The loss at 560 cm-^ is associated with the skeletal 
structure of the aromatic ring, and is assigned to a combination of in-plane 
and out-of-plane skeletal vibrations and radial skeletal stretches. The very 
strong feature observed at 760 cm-i is assigned to a combination of the ycH 
deformation mode and radial skeletal stretches of the aromatic ring. This 
peak indicates aromaticity of the surface molecule. The third identifiable 
loss feature at this temperature appears as a shoulder at 1180 cm-i, and is 
assigned to a combination of the pcH in-plane bending mode and the PoH 
in-plane bending mode. The peak at 1260 cm-i is assigned to the vc-oh 
stretch associated with the aromatic ring. The fifth loss feature also 
appears as a shoulder at 1470 cm'i, and is assigned to the vqc stretching 
mode. The next peak appears at 3055 cm-i with a low frequency shoulder 
at 2920 cm-i, and can be assigned to the vch stretching mode. The low 
frequency of this peak is indicative of aromatic C-H stretches. Finally, the 
loss feature observed at 3435 cm-i is assigned to the vqh stretching mode. 
The main differences between the two catechol EEL spectra at 200 K 
include the presence of the vqh stretch and the overall shape of the curve, 
i.e., the relative intensities of the loss features. In the "OH" spectra, the 
intensities of the 560 and 1270 cm-i are much greater than corresponding 
intensities in the previous catechol spectra. By 300 K, the two catechol EEL 
spectra look essentially identical, that is, all evidence of the vqh stretch is 
gone. Because we only obtain these "OH" spectra sporadically, we feel they 
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do not represent the true picture of catechol on Ag(l 11); however, they do 
strengthen the mode assignments previously made for catechol. 
3.2. Resorcinol 
3.2.1. Thermal desorption of resorcinol The thermal desorption 
spectra following increasing resorcinol exposures at 200 K are shown in 
Figure 8. Trace (a) in Figure 8 represents mass 2, H2"^, and is monitored to 
detect hydrogen loss from resorcinol. Only one exposure is shown of mass 2 
since the traces are identical at all higher exposures, that is, there is no 
detectable desorption of H2 at any exposure.. Traces (b) - (i) represent 
mass 110, C6H4(0H)2+, the molecular and most intense fragment in the 
resorcinol cracking pattern (cf. Figure 3). 
Three main desorption features are observed in the mass 110 
resorcinol spectra. The first desorption feature appears at ~220 K at low 
exposure. With increasing exposure, this feature shifts to ~240 K and grows 
without bound. We suggest that the low temperature feature which evolves 
into a shoulder of the 240 K desorption peak is due to desorption from the 
heating wires. The fact that the 240 K feature does not reach a maximum 
Intensity with Increasing exposure suggests that it is due to the multilayer 
state. The second desorption feature appears at ~280 K. The Intensity of 
this feature does not Increase substantially with increasing exposure, 
suggesting that it arises from the first layer of resorcinol molecules on the 
surface. Finally, a third, very broad, low Intensity desorption feature is 
observed around 380 K. Experiments monitoring other characteristic 
Figure 8. Thermal desorption spectra of (a) hydrogen and (b) - (i) resorcinol from Ag(lll). The 
spectra are obtained by monitoring mass 110 (C6H4(OH)2+) following exposure to 
(b) 0.008, (c) 0.016, (d) 0.024. (e) 0.031, (f) 0.038, (g) 0.045, (h) 0.073, and 
(i) 0.126 L resorcinol and by monitoring mass 2 (H2+). Spectra equivalent to that of 
mass 110 are obtained if other, less-intense fragments are monitored. The sample 
heating rate is 7 K/s. 
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resorcinol fragments yield equivalent spectra to resorcinol (mass 110). That 
is, no different desorption features from masses 39, 53, 55, 69, 81, or 111 
are observed other than those due to cracking of resorcinol in the mass 
spectrometer ionizer. Thus, since all other fragments produce identical 
spectra, these features suggest molecular desorption. The desorption 
energy of the 280 K peak is estimated to be 16.79 kcal/mole, assuming first 
order kinetics and using an approximate equation for desorption energy 
110]. 
Experiments monitoring other mass fragments associated with 
possible reaction products produce only flat, or featureless, desorption 
spectra. The other mass fragments monitored include masses 16 (0+), 
18 (H2O+), 28 (CO+), 32 (O2+). 44 (CO2+), and 78 (C6H6+). Since no 
desorption features are observed for these masses, they are disregarded as 
possible reaction intermediates or products in any surface catalyzed 
reactions. 
3.2.2 Electron energy loss spectroscopy of resorcinol Figure 9 
shows EEL spectra for the deposition of resorcinol on Ag(l 11). Curve (a) 
represents deposition of resorcinol at 200 K, curve (b) shows the spectrum 
after heating the crystal to 300 K, and finally, following heating to 800 K, 
curve (c) is obtained. The spectra shown are representative of several 
spectra taken at different times, and the loss frequencies reported in Table 2 
are average values. Thus, the frequencies in Table 2 may not exactly match 
those in Figure 9. 
Seven loss features are observed in the spectrum obtained following 
deposition of resorcinol at 200 K. The loss feature at 540 cm-i is associated 
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Figure 9. Electron energy loss spectra of resorcinol on Ag(ll 1) at 
(a) 200 K, (b) 300 K and (c) 700 K. The vibrational 
mode assignments are given in Table 2. 
Table 2. Vibrational mode assignments for resorcinol on Ag(lll). 
Symmetry species for the C2v and Cg point groups are 
presented. The shaded regions indicate symmetry 
species that represent tot^ly symmetric representations 
of the respective point groups and obey the metal-surface 
selection rule. 
^Reference [19]. 
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Mode 
# 
Symmetry Specie; II Intensity® Ag(lll) CavCU c,(//) II 
1 a' 748 s 760 - 800 
2 a' — 
3 ba a" 1290 sh 
4 682 s 
5 931 vw 980 - 1000 
6a a' 545 s 500 - 540 
6b bg a" 531 sh 
7a a' 
7b ^2 a" 962 VS 
8a a, a* 1606 vs 
8b ^2 a" 1620 sh 
9a a* 356 vs 
9b t*2 a" 1162 s 
10a bi a" 256 w 
10b ^2 — 
11 768 s 760 - 800 
12 ^2 a' 1001 w 980 - 1000 
13 a' 1282 vs 1350 
14 A] a" 1315-1381 s 1350 
15 ®2 a" 495 w 
16a a" ... — 
16b =2 458 m 
17a 32 a" 868 m 
17b b, a 855 m 760 - 800 
18a b2 a" 1075 vw 
18b a, a" 1120 sh 1170 
19a b2 a' 1460 m 
19b a, a" 1490 sh 1460 
20a b2 a* 3045 vw 2920/3090 
20b a" 3072 vw 2920/3090 
^OH a' 2400-3700 vs 2920/3090 
^OH b2 a" 2400-3700 vs 
PoH a, a* 1170 vs 1170 
Pqh b2 a" 1225 vs 
Yqh ^2 a" 612 w 
Yoh bi 612 w 
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with the skeletal structure of the aromatic ring, and is assigned to a 
combination of in-plane and out-of-plane radial skeletal bends. The very 
strong feature observed at 760 cm'i is assigned to a combination of the 
out-of-plane ycH deformation mode and radial skeletal stretches of the 
aromatic ring. This peak indicates aromaticity of the surface species. The 
third visible loss feature, at 1000 cm"i, is assigned to a combination of 
radial skeletal vibrations and out-of-plane ych deformations. The next loss 
feature occurs at 1170 cm-i, and is assigned to an in-plane Pch bending 
mode and an in-plane PoH bending mode. The loss feature at 1350 cm-i is 
attributed, in part, to the vc-oh stretch and also to vcc stretches. The sixth 
identifiable loss feature appears at 1460 cm-i, and is assigned to the vcc 
stretching mode. Finally, the peak appearing at 2920 cm ^ can be assigned 
to the vcH stretching mode. The low frequency of this feature is 
characteristic of aromatic C-H stretches. 
The 300 K resorcinol EEL spectrum, shown in Figure 9, is very similar 
to the 200 K spectrum; however, some changes are apparent. For example, 
the loss feature at 540 cm-i is shifted down in frequency to 500 cm-i. 
Second, the peak at 760 cm"i is shifted to 800 cm-i and is decreased in 
intensity. The third loss feature is also shifted down slightly in frequency to 
980 cm-i. The peak at 1170 cm-i is still present, as is the peak at 
1460 cm'i. Finally, the last feature appears as a doublet at 2950 and 
3090 cm-i, corresponding to the vch stretching mode. 
After heating the crystal to 800 K, the EEL spectrum is almost 
featureless as shown in curve (c). At this temperature, two loss features can 
still be identified, one at 800 cm-i and another broad loss in the range 
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between 2900 and 3070 cm'i. The 800 cm-i loss feature indicates some 
aromatic nature of the surface species, as does the low frequency of the 
second loss feature. Further, the peak appearing in the range between 2900 
and 3070 cm'i may also be due to hydrocarbon residue, presumably due to 
decomposition of resorcinol on the surface. 
3.3. Hydroquinone 
3.3.1. Thermal desorption of hydroquinone The thermal 
desorption spectra of increasing hydroquinone exposures at 200 K are 
shown in Figure 10. Traces of three mass fragments are shown in 
Figure 10. Trace (a) in Figure 10 represents mass 2, H2+, and is monitored 
to detect any hydrogen loss from the hydroquinone. Only one exposure of 
mass 2 is shown since traces at other exposures are equivalent to the one 
shown. Thus, no evolution of H2+ is ever detected. Traces (b) - (d) represent 
mass 110, C6H4(0H)2+, the molecular and most intense fragment in the 
hydroquinone cracking pattern (cf. Figure 4), at increasing exposures. 
Three main desorption features are observed in the hydroquinone 
desorption spectra. The first feature appears at -250 K and grows without 
bound as exposures increase. This behavior suggests a multilayer state. 
The second desorption feature appears at -290 K, and is attributed to the 
first layer of hydroquinone molecules on the surface. Finally, a third, low 
intensity desorption feature is observed around 380 K. Experiments 
monitoring other characteristic hydroquinone fragments yield equivalent 
spectra to resorcinol (mass 110). That is, no different desorption features 
from masses 54, 55, or 81 are observed other than those due to cracking of 
Figure 10. Ttiermal desorption spectra of (a) hydrogen and (b) - (d) hydroquinone from Ag(lll), 
The spectra are obtained by monitoring mass 110 (C6H4(OH)2''") following exposure to 
(b) 0.105, (c) 0.158, and (d) 0.198 L hydroquinone and by monitoring mass 2 (H2+). 
Spectra equivalent to that of mass 110 are obtained if other, less-intense fragments are 
monitored. The sample heating rate is 7 K/s. 
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hydroquinone in the mass spectrometer ionizer. Thus, since all other 
fragments produce identical spectra, these three features suggest molecular 
desorption. The desorption energy of the 290 K peak is estimated to be 
17.41 kcal/mole, assuming first order kinetics and using an approximate 
equation for desorption energy [10]. 
Experiments monitoring other mass fragments associated with 
possible reaction products produce only flat, or featureless, desorption 
spectra. The other mass fragments monitored include masses 78 (CeHe"*"), 
94 (C6H5OH+) and 66 (C4H2O+). Mass 94 represents molecular phenol, 
mass 78 is benzene, and mass 66 represents a fragment characteristic in 
the phenol fragmentation pattern. At all exposures, one desorption feature 
is observed at ~240 K for mass 66; however, a desorption feature at this 
temperature is observed in the mass 78 and 94 spectra only at high 
exposures. The origin of the mass 66 feature may be due to decomposition 
of hydroquinone to an ethylinic ketone species (C4H2O+) and an ethylinic 
alcoholic species (C2H2OH+): of mass 44. However, mass 44 is not 
monitored in this study, so no reaction pathway can be proposed at this 
time. It is possible that masses 94 and 78 result from decomposition of the 
hydroquinone to phenol in the mass spectrometer ionizer. Note that these 
features appear at the same temperature as the multilayer state. 
3.3.2. Electron energy loss spectroscopy of hydroquinone The 
EEL spectra for the deposition of hydroquinone on Ag(l 11) is shown in 
Figure 11. Curve (a) represents deposition of hydroquinone at 200 K, 
curve (b) shows the EEL spectrum after heating the crystal to 300 K, and 
curve (c) is the spectrum following crystal heating to 900 K. The spectra 
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Figure 11. Electron energy loss spectra of hydroquinone on Ag(l 11) 
at (a) 200 K, (b) 300 K and (c) 900 K. The vibrational 
mode assignments are summarized in Table 3. 
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shown are representative of several spectra taken at different times, and the 
loss frequencies reported in Table 3 are average values. Thus, the 
frequencies in Table 3 may not exactly match those of Figure 11. 
At 200 K, five loss features can be identified in the hydroquinone EEL 
spectrum. The first feature is weak and occurs at 555 cm'i. This loss is 
associated with the skeletal structure of the aromatic ring, and is assigned 
to a combination of in-plane and out-of-plane skeletal bends. The second 
feature is a very strong loss at 780 cm ^, and is assigned to a combination 
of the YCH deformation mode and radial skeletal stretches of the aromatic 
ring. Again, this peak indicates aromaticity of the surface species. The 
third and fourth identifiable peaks appear at 1345 and 1450 cm-i, 
respectively, and are assigned to vcc stretching modes. The last loss feature 
in curve (a) appears at 2925 cm"l with a high frequency shoulder at 
3040 cm-i, and is assigned to the vch stretching mode. Again, the low 
frequency of this peak is indicative of aromatic C-H stretches. 
Very few changes are observed in the hydroquinone EEL spectrum at 
300 K. The frequency of the first loss feature is shifted down from 555 cm-i 
to 495 cm-i. The second loss feature remains at about the same frequency, 
but its intensity is considerably decreased. A new peak appears at 
1160 cm-i, and is attributed to a combination of in-plane pcH bends and 
in-plane PoH bends. The 1345 cm-i and 1450 cm-i features decrease in 
intensity: however, their frequencies remain about the same. Finally, the 
high frequency shoulder on the 2925 cm-i peak has grown into a defined 
peak at 3040 cm-i, and is now more intense than the 2925 cm ^ peak. 
Table 3. Vibrational mode assignments for hydroquinone on 
Ag(lll). Symmetry species for the C2v* and Cg point 
groups are presented. The shaded regions indicate 
symmetry species that represent totally symmetric 
representations of the respective point groups and obey 
the metal-surface selection rule. 
^Reference [19]. 
^Reference [8]. 
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Mode 
# 
Svmmetrv Soecles IRfreq. 
(cin-i)a Intensity® 
Pt(lll) 
(electrode)^ Ag(lll) Cav'U) c, (//) 
1 a* 850 s 780 
2 a* - - - — 
3 ba a" ---
4 32 a" 700 w 
5 a" 918 vw 
6a a* 471 sh 495 - 555 
6b b2 a- 648 w 
7a a' 1257 9 1247 
7b bg a" ... 
8a a' 1616 s 1611 
8b b2 a" ... 
9a a' 1157 m 1160 
9b ba a" 390 w 
10a bi 832 w 
10b % a" 371 m 
11 bi 211 w 
12 ba a" 758 m 785 780 
13 bg a" 1216 s 
14 MîimTfffim a' 1350 m 1345 
15 a' 322 vw 
16a 32 a" 412 m 
16b bi 517 s 506 495 - 555 
17a 32 a" 937 vw 
17b bi 826 vs 790 
18a bg a" 1007 m 905 
18b a' 1103 m 1160 
19a b2 a" 1510 vs 
19b a" 1470 m 1496 1450 
20a bg a" --- — 
20b a' 3026 m 2979 2925/noÇiO 
V a/a" 3394 vs vb 
P a' 1205 vs b 
Y aa/bi 605 s 
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Following crystal heating to 900 K, the hydroquinone EEL spectrum is 
essentially featureless. Only one weak loss feature can be identified at 
about 3090 cm-i, corresponding to vch stretches. This peak is most likely 
due to hydrocarbon residue resulting from decomposition of hydroquinone 
on the surface. 
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4. DISCUSSION 
4.1. Catechol 
This investigation of catechol allows the identification and structural 
characterization of the molecule on the Ag(l 11) surface. As discussed in 
detail below, TDS results suggest molecular adsorption (i.e., retention of 
aromaticity), as do features in the EEL spectra below 700 K. Further, 
although the TDS and EELS results suggest no dehydrogenation (i.e., no 
O-H bond scission) upon catechol adsorption, the possibility cannot be 
completely disregarded. Finally, the EELS data suggest that the orientation 
of the adsorbed species is temperature dependent, and a model is proposed. 
4.1.1. Retention of aromaticity of catechol Catechol adsorbs 
associatively on the Ag(l 11) surface. This associative adsorption is 
evidenced in the molecular desorption observed in the TDS results. 
Molecular desorption is inferred since mass 110 represents the molecular 
fragment (C6H4(OH)2+) and no different desorption features arising from 
other fragments are observed. 
The product of this molecular adsorption is catechol, as shown in the 
catechol EEL spectra (cf. Figure 6). Table 1 summarizes the observed losses 
in the catechol EEL spectra, as well as their vibrational assignments. 
Vibrational assignments for catechol determined in a previous study [3] are 
also included in Table 1 for comparison. All catechol vibrational mode 
assignments in this study are made by comparison to the normal modes of 
the benzene molecule as described in the Introduction of this dissertation. 
Thus, the catechol assignments are numbered according to the benzene 
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convention. The fact that all of the observed loss features correspond to 
normal modes of the benzene molecule is a strong indication of the aromatic 
nature of the adsorbed species. 
As with phenol, at least two of the catechol loss features observed in 
the EEL spectra, at both 200 and 300 K, indicate aromatic character in the 
adsorbed species. The veiy strong feature centered around 760 cm-i is 
associated with the vi and vu vibrations of the benzene ring. The vi mode 
represents radial skeletal vibrations, or "ring breathing" modes, whereas the 
vii mode originates from yen out-of-plane bending vibrations. Further, 
losses in this frequency range can indicate the type of substitution in 
benzene derivatives, and in this case, indicates an ortho-di-substituted 
benzene [11]. Thus, the intensity and frequency of this loss strongly 
suggests an aromatic surface species at these temperatures. 
Further indication of the aromatic nature of the adsorbed molecule is 
evidenced in the vch stretch centered between 2960 and 3060 cm-i in both 
the 200 and 300 K spectra. This feature is assigned to the V20b vibrational 
mode corresponding to the benzene ring. Generally, vch stretches for 
aromatic and ethylinic C-H bonds appear in the range between 3030 and 
3080 cm'i, whereas aliphatic and acetylinic C-H stretches occur at much 
lower or higher frequencies, i.e., 2840 to 3000 cm-i for aliphatic vch 
stretches and 3250 to 3340 cm"i for acetylinic vch stretches [11]. In 
addition, it is common to observe multiple peaks in this region [11] as is 
evidenced in the shoulders observed on this peak in Figure 6. Therefore, 
due to the frequency of the observed loss feature, the surface species is 
indeed aromatic at these temperatures. 
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Following crystal heating to 700 K, most of the vibrational features 
disappear from the EEL spectrum. The most identifiable feature at 
3070 cm-i is assigned to a vch stretch. As described above, the frequency 
of this stretch indicates either ethylinic or aromatic vch stretches [11]. In 
some spectra, there is evidence of another loss feature at 750 cm-i, 
indicating aromaticity of the adsorbed species; however, in most instances 
only the high frequency loss feature is observed. Thus, we suggest that the 
feature at 3070 cm-i is primarily ethylinic in nature, but could also arise 
from a combination of aromatic and ethylinic C-H stretches. Other studies 
of ethylene [12-14], propylene [15], and acetylene di-a-bonded to the surface 
[16] support the ethylinic vch mode assignment. Therefore, at this 
temperature, it is most likely that the 3070 cm ^ loss originates from an 
ethylinic hydrocarbon residue on the surface. 
4.1.2. Dehydrogenation of catechol When considering the 
adsorption of catechol, there exists a possibility of O-H bond scission, or 
dehydrogenation upon adsorption. As with phenol, the TDS and EELS 
results can be interpreted to suggest that no dehydrogenation occurs upon 
catechol adsorption. 
The TDS results suggest no O-H bond scission. If dehydrogenation 
does occur, followed by desorption of Ha, we would expect the mass 2 TDS 
trace to show at least one desorption feature. As shown in Figure 5, no H2 
evolution is observed up to 800 K. However, the absence of a separate 
desorption feature for mass 2 does not unambiguously eliminate the 
possibility of dehydrogenation. Perhaps the O-H bond does break upon 
adsorption, but the hydrogen remains coadsorbed on the surface and 
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recombines with the dehydrogenated species to desorb as catechol. Isotopic 
exchange experiments are necessary to prove this dehydrogenation-
recombination reaction pathway. 
Dehydrogenation, or O-H bond scission, upon adsorption is suggested 
in previous EELS studies of catechol on Pt(l 11) electrode surfaces; however, 
no evidence is presented for the evolution of H+ [3]. Previous studies of 
phenol on Mo(llO) [171 and Ni(llO) [18] suggest O-H bond scission and the 
formation of surface phenoxide, evidenced by the desorption of dihydrogen 
gas. No analogous thermal desorption studies of catechol are found in the 
literature. 
At aU temperatures, the EEL spectra evidence an absence of the vqh 
stretch. In gas phase IR data, this vibrational mode appears in the range 
between 3342 and 3460 cm-i [19]. An absence of this feature suggests 
three possibilities: (a) O-H bond scission, (b) hydrogen bonding at the 
surface, or (c) parallel orientation of the O-H bond axis. Note that only the 
first possibility favors dehydrogenation of the hydroxyl groups. If 
dehydrogenation does occur upon adsorption, we would not expect to 
observe the vqh stretch in the EEL spectra [8]. Figure 12a shows how the 
dehydrogenated surface catechol species might appear on Ag(l 11). As noted 
in the TDS experiments, no conclusive evidence for O-H bond scission is 
observed; however, the absence of the vqh stretch may further support a 
dehydrogenation-recombination reaction pathway, followed by desorption. 
A second possible dehydrogenation pathway may be a dimerization or 
polymerization reaction between catechol molecules, forming ether linkages. 
If an aromatic ether linkage were present in the EEL spectra, we would 
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Figure 12. (a) Diagram of the dehydrogenated catechol species on 
the surface. 
(b) Diagram of the polymerized catechol species on the 
surface. 
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expect to observe a loss feature between 1200 and 1275 cm"i [11]. We do, 
in fact, observe a loss in this frequency range; however, as stated earlier, 
this feature can also be assigned to the vc-oh stretch. Figure 12b shows 
what dimerized or polymerized catechol species might look like on the 
Ag(l 11) surface. 
Hydrogen bonding between adjacent catechol molecules may also 
explain the absence of vqh stretches in the EEL spectra. Hydrogen bonded 
O-H bonds have small scattering cross sections in EELS and/or IR 
spectroscopy [20, 21], thus, one might expect to observe only a very weak 
VQH stretch, if one at all. Evidence of hydrogen bonding between adsorbed 
phenol molecules has been observed previously [22, 23]. Figure 13 shows 
how hydrogen bonded catechol molecules might appear on the Ag(l 11) 
surface. Thus, the absence of a vqh stretch may be an indication of 
hydrogen bonding between adsorbed catechol species, and not of O-H bond 
scission. 
Finally, in accordance with the metal-surface selection rule, the 
orientation of the O-H bond axis may render the vqh stretch virtually 
invisible in the EEL spectra. In this scenario, either the entire catechol 
molecule is oriented parallel to the surface, or at least the O-H bond axis is 
parallel to the surface. Figure 14 shows these two possible orientations. 
Briefly, the metal-surface selection rule states that only vibrations with a 
component of the dipole moment change perpendicular to the surface are 
observed in EEL spectra. In both of the above scenarios, the O-H bond is 
parallel to the surface; therefore, the vqh stretch should not be observed in 
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Figure 13. Diagram of hydrogen bonded catechol on Ag(l 11). 
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(a) 
H - 0  
Figure 14. Two possible orientations for catechol in which the O-H 
bond axis lies parallel to the surface. 
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the EEL spectra. Thus, the absence of the VQH stretch may suggest 
molecular orientation and not indicate dehydrogenation. 
The above arguments suggest several possible explanations for the 
absence of the vqh stretch In the catechol EEL spectra. Only one 
explanation favors dehydrogenation, and the latter two suggest no O-H bond 
scission upon adsorption. Instead, the orientation of the adsorbed species, 
along with hydrogen bonding between adsorbed molecules, would cause the 
Vqh stretch to be essentially absent from the EEL spectra. At this point, 
however, dehydrogenation cannot be completely ruled out, isotopic 
exchange experiments would be necessary for complete proof of O-H bond 
scission. 
4.1.3. Ring orientation models of catechol High resolution 
EELS experiments are done, in part, to determine the orientation of the 
molecule on the surface. When considering which orientation catechol 
adopts on the surface, we evaluate the data using two different approaches. 
In the first approach, we assume that only one chemical species exists on 
the surface at all times and temperatures. Further, we assume that this 
species adopts a single, well-defined molecular orientation, i.e., either 
perpendicular, inclined, or parallel. In the second approach, we consider 
the temperature dependence of the adsorbed species orientation, allowing 
more than one chemical species to exist on the surface. Table 1 shows the 
normal mode assignments for catechol EELS loss features. 
In the "one species" approach, we categorize the assigned vibrational 
modes into specific point group symmetries according to possible 
orientations. The orientation described by the point group to which most of 
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the vibrational modes belong represents the preferred orientation of the 
surface species. Table 1 shows the specific symmetry species and point 
groups which describe the catechol EELS loss features. In this case, most 
of the loss features, at both 200 and 300 K can be assigned to vibrational 
modes in accordance with the C2v* symmetry, i.e., the point group 
representing a perpendicular orientation of the catechol molecule. The 
assignment of this symmetry group assumes no perturbation from the 
adsorption site, but does account for the decrease in symmetry due to 
surface adsorption. 
According to the C2v* point group designation, the peak appearing at 
560 cm"i is assigned to the vga vibrational mode of benzene. This mode is 
attributed to the in-plane skeletal bends and belongs to the totally 
symmetric representation of the C2v* point group. The very intense feature 
centered around 760 cm-i is associated with the vi vibration of the benzene 
ring, representing radial skeletal vibrations, or "ring breathing" modes. The 
feature centered at 1090 cm-i appears in both the 200 and 300 K spectra, 
and is assigned to the vga vibrational mode of the benzene ring which 
corresponds to pcH. the out-of-plane bending mode. The peak at 1270 cm-i 
can be assigned to V7a, the vc-oh vibrational mode of a substituted benzene. 
The vcc stretch at 1450 cm-i is assigned to the both the vi4 and the vigb 
vibrational modes of benzene. These assignments, vi, V6a.V7a, vga. vi4. and 
vigb all correspond to totally symmetric representation of both the C2v* and 
Cg point groups, however those Cg modes do not obey the metal-surface 
selection rule and therefore, should not be visible in the EEL spectra. 
Similarly, the vch feature centered between 2930 and 3060 cm-i is assigned 
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to the V20b vibrational mode of benzene. Again, this mode belongs to the 
totally symmetric representation of both the C2v* and Cg point groups; 
however, the representation in the Cg point group does not obey the 
metal-surface selection rule. Thus, the point group assignments of these 
features suggest a perpendicular molecular orientation on the Ag surface. 
Figure 15 shows how a perpendicular orientation might appear on the 
surface, assuming no O-H bond scission. 
Upon closer inspection of Table 1, at least two of catechol EELS loss 
features may be assigned to vibrational modes that belong only to totally 
symmetric representations of the Cg point group, i.e., the symmetry 
representing a parallel orientation on the surface. The peak centered at 
760 cm-i could also originate from vu, the ych out-of-plane bend, and the 
peak appearing around 560 cm-i from vieb. the out-of-plane skeletal bend. 
Again, both modes, vn and vieb. belong only to totally symmetric 
representations of the Cg point group. However, a completely parallel 
orientation is ruled out since only two of the six loss features belong solely 
to totally symmetric representations of the Cg point group and obey the 
metal-surface selection rule. Therefore, the presence and assignment of 
these two vibrational modes may only suggest some degree of tilting of the 
catechol away from the surface normal. Figure 16 shows how an Inclined 
orientation of catechol may appear on the surface, assuming no 
dehydrogenation. 
In addition to this study on Ag(l 11), catechol adsorbed on Pt(l 11) 
electrodes from an aqueous solution has been investigated [3, 24]. The 
previous study suggests a parallel orientation based on EELS and thin-layer 
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Figure 15. Diagram of catechol in a perpendicular orientation, 
assuming no dehydrogenation. 
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Figure 16. Diagram of catechol in an inclined orientation, at some 
angle, 0, from the surface normal. 
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electrochemical results; however does not account for symmetry reduction 
due to surface adsorption. The catechol vibrational assignments are made 
by comparison to phenol results of the same author, and are presented in 
Table 1 as well. Recall, a parallel orientation is synonymous with the Cg 
point group; however most of the mode assignments in the previous catechol 
study belong to the C2v* point group, i.e., suggesting a perpendicular 
orientation. Thus, careful attention must be paid to the molecule's 
reduction In molecular symmetry due to surface adsorption. 
The second possible interpretation suggests that more than one 
species exists on the surface as a function of temperature. In this model, 
catechol adopts an inclined orientation on the surface upon adsorption at 
200 K. An inclined orientation is inferred based on the arguments 
presented in the previous paragraphs. In this model, at 200 K, the features 
at 560 and 755 cm-i are assigned solely to vieb and vn, respectively, based 
on their frequencies and intensities. Both vibrational modes, vieb and vn, 
belong to totally symmetric representations only of the Cg point group, i.e., 
representing a parallel orientation. However, since most of the other 
features in the EEL spectrum belong to the C2v* point group, i.e., 
representing a perpendicular orientation, we suggest that the molecule is 
inclined by some angle, 0, to the surface at this temperature. 
As the crystal temperature is increased, however, changes in the EEL 
spectrum signal changes in the molecular orientation of the adsorbed 
species. The TDS results indicate molecular desorption at 240 K; however, 
the EEL spectrum suggests that catechol is still present on the surface at 
300 K (cf. Figure 5). Further, by 300 K, the frequency of the 755 cm-i loss 
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shifts up to 765 cm-i, as its intensity decreases significantly. This loss 
feature is now assigned solely to the vi vibrational mode of benzene, the 
radial skeletal or "ring breathing" mode. An upward frequency shift is also 
observed in the 560 cm ^ feature as it appears at 575 cm"i at 300 K. This 
feature is now assigned solely to vga, the in-plane skeletal bends of benzene. 
As described earlier, vi and V6a belong to the totally symmetric 
representations of both the C2v* and Cs point groups; however, only the C2v* 
symmetry species obeys the metal-surface selection rule. Further, the C2v* 
point group represents a perpendicular orientation on the surface. Thus, by 
300 K, the EEL spectrum suggests the catechol molecules assume the 
perpendicular orientation shown in Figure 15. 
By 700 K, only one distinguishable feature remains in the catechol 
EEL spectrum, appearing at 3070 cm ^. As previously discussed, this peak 
is assigned to a vch stretch, most likely due to a hydrocarbon residue on the 
surface. However, in some spectra at this temperature, the peak at 
760 cm-l is still visible, thus it is possible that the residual species has 
some aromatic character. Thus, by 700 K, either the catechol has 
molecularly desorbed, decomposed to only hydrocarbon fragments, or 
possibly dimerized or polymerized to a small extent, leaving some aromatic 
fragments on the surface. 
The temperature-dependent model just described suggests molecular 
desorption and irreversible decomposition of catechol on Ag(l 11). At 240 K, 
some catechol molecularly desorbs and some remains intact on the surface. 
By 700 K, the remaining catechol has decomposed, and for the most part, 
only a hydrocarbon residue is evident on the surface, although we can only 
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postulate as to the residue's composition. Figure 17 depicts this 
temperature dependent model, assuming no O-H bond scission. This model 
suggests that two species may coexist on the surface at one time. The two 
species may be two di-hydroxide species, each adsorbed at different sites, or 
the two species may be a di-hydroxide species along with molecular 
catechol. However, our data cannot unequivocally distinguish between a 
di-hydroxide and a molecular catechol species. A similar reaction pathway 
is observed for phenol on Mo(l 10) [25] and is suggested for phenol on 
Ag(lll) as described in Part 1 of this dissertation. Further, the temperature 
dependent orientation change from inclined to perpendicular is similar to 
the change observed for pyridine on Ni(lOO) [26], i.e., parallel to edgewise, or 
t\2- Thus, although we cannot unambiguously distinguish between 
molecular and di-hydroxide species, our data does suggest a change in 
orientation upon heating. 
4.2. Resorcinol 
This study of resorcinol allows the surface characterization of the 
molecule on the Ag(l 11) surface. As with catechol, the resorcinol TDS 
results suggest molecular desorption (i.e., retention of aromaticity), as do 
features in the EEL spectra below 800 K. Further, the TDS and EELS 
results suggest no dehydrogenation (i.e., no O-H bond scission ) upon 
resorcinol adsorption; however the possibility of dehydrogenation cannot be 
completely ruled out. Finally, the EELS measurements suggest a 
temperature dependence of the adsorbed species on the surface, and a 
model is proposed. 
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Figure 17. nee of the 
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4.2.1. Retention of aromaticity Molecular desorption of 
resorcinol is observed in the TDS experiments; thus, resorcinol adsorbs 
associatively on the Ag(l 11) surface at 200 K. Molecular desorption is 
inferred since mass 110 represents the molecular fragment (C6H4(OH)2^) 
and no other desorption features arising from other characteristic fragments 
are observed. 
As shown by the EEL spectra in Figure 9, the product of this 
molecular desorption is resorcinol. Table 2 summarizes the observed losses 
in the EEL spectra, as well as their assignments. All resorcinol vibrational 
mode assignments are made by comparison to the normal modes of the 
benzene molecule as described in the General Introduction of this 
dissertation. Thus, the resorcinol assignments are numbered according to 
the benzene vibrational mode convention. The fact that all of the observed 
loss features correspond to normal modes of the benzene molecule is strong 
evidence of the aromatic nature of the adsorbed species. 
As with catechol, features in the resorcinol EEL spectra, at both 200 
and 300 K, indicate aromatic character in the adsorbed species. Again, a 
very intense feature is observed centered between 760 and 800 cm"i, and is 
associated with the vi and vn vibrational modes of benzene. The vi mode 
originates from radial skeletal or "ring breathing" modes, and vu originates 
from YcH out-of-plane bending vibrations. Generally, losses in this 
frequency range indicate the type of substitution in benzene derivatives [11]. 
For a meta-di-substituted benzene derivative, this mode normally appears in 
the range between 750 and 810 cm-i [11]. On average, the frequency 
observed in the resorcinol EEL spectra is higher than that of the same 
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feature in the catechol spectra, indicating meta-di-substitution. Thus, the 
aromatic nature of the adsorbed species is evidenced in the EEL spectra. 
Another indication of the aromatic nature of the adsorbed resorcinol 
species is evidenced in the frequency of the vch stretch centered between 
2920 and 3090 cm-i in both the 200 and 300 K EEL spectra. As discussed 
previously, this feature is assigned to the V20 vibrational mode, and the 
frequency range of this feature is indicative of aromatic C-H bonds [11]. 
Therefore, due to the frequency of the observed loss feature, the adsorbed 
species is indeed aromatic at these temperatures. 
Following crystal heating to 800 K, most of the vibrational loss 
features disappear from the EEL spectrum. The only prominent remaining 
peak centered in the range between 2920 and 3070 cm-i is assigned to the 
Vch stretch. As mentioned previously, the frequency of this stretch 
indicates either ethylinic or aromatic vch stretches. Other features are 
sometimes visible in the resorcinol EEL spectrum at this temperature. In 
particular, a feature at -800 cm-i is sometimes observed, and again, the 
presence of this peak indicates aromaticity of the adsorbed species. 
Although, when observed, the intensity of the 800 cm-i peak is very low, its 
presence suggests that the adsorbed species may retain some aromatic 
nature up to this temperature. Thus, we suggest that the vch stretch 
originates from a combination of ethylinic and aromatic species on the 
surface. 
4.2.2. Dehydrogenation of resorcinol When considering the 
adsorption of resorcinol on Ag(l 11), the possibility of O-H bond scission, or 
dehydrogenation, exists. If O-H bond scission occurs upon adsorption, what 
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happens to the hydrogen, and how is the resulting dehydrogenated species 
bound to the surface? At first glance, the TDS and EELS results suggest 
dehydrogenation; however, the alternate interpretations of the data suggest 
no O-H bond scission. 
The resorcinol TDS results suggest no dehydrogenation. We do not 
observe any desorption feature in the mass 2, H2, TDS trace. The absence 
of a desorption state suggests that no dihydrogen gas is evolved, and thus 
no dehydrogenation occurs. However, the absence of a mass 2 desorption 
feature does not unambiguously eliminate the possibility of O-H bond 
scission. One possible explanation might be that the resorcinol 
dehydrogenates upon adsorption, but the hydrogen recombines with the 
dehydrogenated species and then desorbs as molecular resorcinol (mass 
110). Isotopic exchange experiments are needed to prove this explanation. 
All the resorcinol EEL spectra exhibit an absence of the vqh stretch. 
If present, this feature would appear in the range between 2400 and 
3700 cm-i [19]. As with catechol adsorption on Ag(l 11), three possibilities 
exist for the absence of a vqh stretch in the resorcinol EEL spectra. These 
possibilities include: (a) O-H bond scission, (b) hydrogen bonding between 
the surface species, or (c) parallel orientation of the O-H bond axis in 
accordance with the metal-surface selection rule. Note that only one 
explanation favors dehydrogenation The same arguments made for catechol 
adsorption can be made for resorcinol adsorption. 
If o-h bond scission occurs, we would not expect to observe the vqh 
stretch in the EEL spectra of resorcinol. Figure 18a shows how the 
dehydrogenated resorcinol species might appear on the surface. Again, the 
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Figure 18. (a) Diagram of the dehydrogenated resorcinol species 
on the surface. 
(b) Diagram of the polymerized resorcinol species on 
the surface. 
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TDS results give no conclusive evidence for O-H bond scission; however, the 
absence of the vqh stretch does support a dehydrogenation-recombination 
and desorption explanation. Another possible explanation for an absence of 
the voH stretch is the dimerization or polymerization of the resorcinol 
species on the surface as shown in Figure 18b. As discussed previously for 
catechol, if such a reaction occurs, we might expect to observe an aromatic 
ether stretch in the range between 1200 and 1275 cm-i. However, no such 
feature is observed in the resorcinol EEL spectra. 
Hydrogen bonding between surface species and molecular orientation 
can also explain the absence of the vqh stretch in the EEL spectra. If the 
adsorbed species are hydrogen bonded, we would expect to observe only a 
very weak vqh stretch, if any at all [20, 21], Figure 19 shows how hydrogen 
bonded resorcinol species may appear on the surface, assuming no O-H 
bond scission. Finally, according to the metal-surface selection rule, if the 
O-H bond axis is oriented parallel to the surface, we would not expect to 
observe a vqh stretch. This rule suggests that either the O-H bond or the 
entire resorcinol molecule is oriented parallel to the Ag surface, thus making 
the VOH stretch virtually invisible in the EEL spectra. Figure 20 shows 
these two possible orientations of the resorcinol species on the surface. 
Thus, the absence of a vqh stretch does not conclusively indicate O-H bond 
scission upon adsorption. 
The above arguments suggest several possible explanations for the 
absence of the VQH stretch in the resorcinol EEL spectra. Only one 
explanation favors dehydrogenation, and the latter two suggest no O-H bond 
scission upon adsorption. Instead, the orientation of the adsorbed species. 
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Figure 19. Diagram of hydrogen bonded resorcinol on Ag(l 11). 
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(a) 
(b) 
20. Two possible orientations for resorcinol in which the O-H 
bond axis lies parallel to the surface. 
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along with hydrogen bonding between adsorbed molecules, would cause the 
voH stretch to be essentially absent from the EEL spectra. We must note, 
however, that EELS carmot unambiguously distinguish between molecular 
resorcinol and a dehydrogenated species, and further, dehydrogenation 
carmot be completely disregarded until isotopic exchange experiments are 
performed. 
4.2.3. Ring orientation models of resorcinol The TDS spectra of 
resorcinol on Ag(l 11) indicate a temperature dependence of the adsorbed 
surface species. A temperature dependence may suggest a change in 
orientation of the adsorbed species at different temperatures. Assuming no 
O-H bond scission. Figure 21 shows a possible temperature dependent 
model, and the following paragraphs describe the model in detail. 
In this model, resorcinol adsorbs perpendicularly on the surface at 
200 K. At this temperature, the intense feature appearing 760 cm-i can be 
assigned to vi, viyb, or a combination of the two vibrational modes. 
Because of the frequency of this feature at 200 K, we assign it solely to the 
radial skeletal, or "ring breathing" vibrational mode. Second, the feature 
appearing at 540 cm-i can also be assigned to two vibrational modes, the 
V6a and the vieb modes. Again, since the frequency of this feature most 
closely resembles that of V6a. we shall assign it solely to the radial skeletal, 
C3 in-plane bend. These vibrational modes, vi and vea. belong to totally 
symmetric representations of both the C2v and Cg point groups; however, 
only the C2v species obey the metal-surface selection rule. The C2v point 
group represents a perpendicular orientation on the surface, and since all 
the other loss features are also assigned to C2v symmetry species, we 
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Figure 21. A proposed model for the temperature dependence of the 
orientation of resorcinol on Ag(l 11). 
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conclude that the molecule assumes a perpendicular orientation upon 
adsorption at 200 K. 
As the crystal temperature is increased, changes in the EEL spectrum 
suggest a different molecular orientation on the surface. The resorcinol TDS 
results indicate molecular desorption at 280 K and again at ~380 K. The 
high temperature desorption state suggests that not all the resorcinol is 
desorbing at 280 K, but rather, some remains intact on the surface to 
desorb at 380 K (cf. Figure 8). The presence of resorcinol on the surface at 
300 K is evidenced in the EEL spectrum at that temperature. By 300 K, the 
frequency of the 760 cm"i feature shifts up to 800 cm -i. This loss feature is 
now assigned solely to viyy, the ycH out-of-plane bending mode. Also, the 
frequency of the 540 cm-i feature decreases to 500 cm-i by 300 K, and this 
features is now assigned solely to vieb. the C3 out-of-plane bending mode. 
Both vibrational modes, Vi7b and visb. belong to totally symmetric 
representations of only the Cg point group, suggesting a parallel orientation. 
However, since most of the features in the EEL spectrum at 300 K are still 
assigned to symmetry species in the C2v point group, we predict the 
adsorbed species is inclined at some angle, 0, to the surface at 300 K. 
By 800 K, only one intense peak is observed in the resorcinol EEL 
spectrum, appearing at 3070 cm-i. As discussed for catechol, this feature 
is assigned to the vch stretch, presumably due to an ethylinic hydrocarbon 
residue on the surface. Other weak features occurring at -800 and 
-1350 cm-i are present in some spectra at this temperature, possibly 
indicating some aromatic nature of the adsorbed species. Thus, by 800 K, 
the EEL spectra suggest that either the resorcinol has molecularly desorbed 
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or decomposed to hydrocarbon fragments, or possibly aromatic fragments, 
as depicted in Figure 21. 
The temperature dependent model just described suggests molecular 
desorption, possible reorientation, and irreversible decomposition of 
resorcinol on Ag(l 11). At 280 K, some resorcinol desorbs molecularly while 
some reorients on the surface and then desorbs around 380 K. Any 
remaining resorcinol decomposes to a hydrocarbon residue by 800 K. We 
can only postulate what this surface residue may be; however, the frequency 
of the vcH stretch present at this temperature suggest an ethylinic 
hydrocarbon residue. In this study of resorcinol, the high temperature TDS 
state may represent a dehydrogenated species; however, our data cannot 
unambiguously distinguish between molecular resorcinol or a di-hydroxide 
species. However, our data do suggest a reorientation of the adsorbed 
species upon surface heating. 
4.3. Hydroquinone 
The TDS and EELS study of hydroquinone on Ag(l 11) allows the 
surface characterization of the molecule on the surface. The TDS and EELS 
results indicate molecular desorption, or the retention of aromaticity, of the 
adsorbed species at temperatures below 800 K. Further, no 
dehydrogenation upon adsorption is observed directly by examination of the 
TDS and EELS results; however, the possibility cannot be completely ruled 
out on the basis of these experiments only. Finally, the EELS data suggest 
a temperature dependence of the adsorbed species orientation, and a model 
is proposed. 
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4.3.1. Retention of aromaticity The TDS results of hydroquinone 
on Ag(l 11) indicate that it desorbs molecularly, suggesting that it adsorbs 
associatively at 200 K. As with catechol and resorcinol, molecular 
desorption is inferred since mass 110 represents the molecular fragment 
(C6H4(0H)2+) and no different desorption features arising from other 
characteristic fragments are observed. Further, EELS results also indicate 
that the product of this molecular desorption is hydroquinone. Table 3 
summarizes the observed losses in the hydroquinone EEL spectra as well as 
their assignments. All hydroquinone vibrational mode assignments are 
made by comparison to the normal modes of benzene as described in the 
General Introduction of this dissertation. Thus, the hydroquinone 
assignments are numbered in accordance with the benzene vibrational 
mode convention. Further, vibrational assignments for hydroquinone 
deposited from solution onto Pt(lll) electrodes [8] are included in Table 3 
for comparison. Again, the fact that all the loss features can be assigned to 
normal modes of benzene strongly suggests aromaticity in the adsorbed 
species. 
As in the catechol and resorcinol EEL spectra, at least two of the 
features in the hydroquinone spectra, at both 200 and 300 K, indicate 
aromaticity of the adsorbed species. A feature at 780 cm-i is present, and is 
assigned to both "ring breathing" and ych out-of-plane vibrational modes. 
Further, its frequency indicates the type of substitution of benzene 
derivatives. Features in the frequency range between 780 and 860 cm-i 
suggest pora-di-substituted benzene derivatives [11]. Further indication of 
aromaticity of the adsorbed species is evidenced in the vch stretch centered 
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between 2930 and 3050 cm-i, which is assigned to the V20b benzene 
vibrational mode. The frequency of this stretch suggests aromaticity [11]. 
Hence, due to the presence of these two loss features and their frequencies, 
the surface species is Indeed aromatic. 
After heating to 900 K, only one feature is discernible in the 
hydroquinone EEL spectrum. This peak appears at ~3050 cm-i and is 
assigned to a vch stretch. As previously described, the frequency of this 
stretch indicates either ethyllnic or aromatic vch stretches [11]. Since there 
is no further evidence of aromaticity in the surface species, due to the 
absence of the 780 cm-i feature, we assume this stretch to be ethyllnic in 
nature. This mode assignment is consistent with previous studies of 
ethylene [12-14], propylene [15], and di-a-bonded acetylene [16]. Thus, we 
conclude that this loss originates from an ethyllnic hydrocarbon residue 
remaining on the surface. 
4.3.2. Dehydrogenation of hyroquinone As with catechol and 
resorcinol, the question of dehydrogenation arises when considering the 
adsorption of hydroquinone on Ag(l 11). The same arguments can be made 
concerning dehydrogenation as in the previous cases of catechol and 
resorcinol, and these arguments are substantiated with TDS and EELS 
results. 
Thermal desorption experiments of hydroquinone suggest no 
dehydrogenation, or 0-H bond scission, upon adsorption at 200 K. There is 
no evidence of H2 evolution as no desorption feature is observed in the 
mass 2 TDS trace (cf. Figure 10). The absence of this desorption feature 
does not conclusively exclude dehydrogenation, however, as O-H bond 
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scission could occur, followed by recombination with the dehydrogenated 
species and desorption. If this dehydrogenation-recombination reaction 
occurs, we would not detect any H2 evolution in the TDS spectrum; 
however, isotopic exchange experiments are necessary to prove this reaction 
pathway. 
We again observe an absence of the vqh stretch in all the 
hydroquinone EEL spectra. Recall, this stretch should appear around 
3394 cm-l, if present [19]. As observed in our previous studies of phenol, 
catechol, and resorcinol on Ag(l 11), the absence of this feature can be 
described by at least three different explanations. The possible explanations 
include (a) O-H bond scission, (b) hydrogen bonding, and (c) adsorption 
geometry. Further, the same arguments made in the previous cases can be 
applied to hydroquinone adsorption. 
If dehydrogenation occurs, we would not expect to observe the vqh 
stretch in the hydroquinone EEL spectra. Figure 22a shows what the 
adsorbed, dehydrogenated, hydroquinone species may look like on the 
surface. As we do not observe the vqh feature, we may initially conclude 
that dehydrogenation does occur. However, the TDS results give no 
conclusive evidence for O-H bond scission. Further, the absence of the vqh 
stretch supports the dehydrogenation-recombination desorption explanation 
proposed earlier. Another possible explanation for an absence of the vqh 
stretch is dehydrogenation followed by dimerization or polymerization of the 
hydroquinone species on the surface. In the hydroquinone case, we might 
envision polymerization via oxidation to a quinone species [27, 28] as 
depicted in Figure 22b. If this occurs, we would expect to see a ketone vco 
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Figure 22. (a) Diagram of the dehydrogenated hydroquinone 
species on the surface. 
(b) Diagram of the polymerized hydroquinone species 
on the surface. 
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stretch in the range between 1666 and 1685 cm-i [29]. However, no such 
feature is observed in the hydroquinone EEL spectra. 
Hydrogen bonding between surface species and adsorption geometry 
also provide explanations for the absence of the vqh stretch in the 
hydroquinone EEL spectra. Recall that if hydrogen bonds do exist, we 
would expect to observe only a very weak vqh stretch, if any at all [20, 21]. 
Figure 23 shows how hydrogen bonded hydroquinone species may appear 
on the surface. Finally, if the O-H bond axis is oriented parallel to the 
surface, we would not expect to observe the vqh stretch, in accordance with 
the metal-surface selection rule. This rule suggests that a parallel 
orientation of the O-H bond axis on the Ag surface would make the vqh 
stretch virtually invisible in the EEL spectra. Figure 24 shows these two 
possible orientations of the hydroquinone species on the surface. Thus, 
hydrogen bonding between adsorbed species and/or molecular orientation 
suggest that the absence of the vqh stretch does not conclusively indicate 
O-H bond scission upon adsorption. 
The above arguments suggest several possible explanations for the 
absence of the vqh stretch in the hydroquinone EEL spectra. Only one 
explanation favors dehydrogenation, and the latter two suggest no O-H bond 
scission upon adsorption. Instead, the orientation of the adsorbed species, 
along with hydrogen bonding between adsorbed molecules, would cause the 
VQH stretch to be essentially absent from the EEL spectra. We must note, 
however, that a dehydrogenation reaction cannot be completely excluded 
until isotopic exchange experiments are performed. 
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Figure 23. Diagram of hydrogen bonded hydroquinone on Ag(l 11). 
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Figure 24. Two possible orientations for hydroquinone in which the 
O-H bond axis lies parallel to the surface. 
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4.3.3. Ring orientation models of hydroquinone The TDS 
results of hydroquinone deposited on Ag(l 11) at 200 K suggest a 
temperature dependence of the chemical species adsorbed on the surface. 
The temperature dependence of the molecular species may suggest different 
molecular orientations at different temperatures. Assuming no O-H bond 
scission, Figure 25 shows what this temperature dependent model may look 
like. 
In this model, hydroquinone assumes a perpendicular orientation on 
the surface upon adsorption at 200 K. At this temperature, the feature 
appearing at 555 cm-i is visible as only a low frequency shoulder on the 
more intense 780 cm-i peak. This shoulder is assigned to either the V6a or 
vi6b vibrational modes, or a combination of both. In the gas-phase IR data, 
the V6a mode appears as a shoulder, and the vieb modes as a strong feature 
[19]. Since the intensity of this peak is low and it only appears as a 
shoulder at 200 K, we shall assign it solely to the V6a, C3 in-plane bend. 
The symmetry species vga belongs to the totally symmetric representation of 
both the C2v* and Cg point groups; however, only the C2v* symmetry species 
obey the surface selection rule. The C2v* point group represents a 
perpendicular orientation on the surface. Since most of the other loss 
features belong to totally symmetric representations of the C2v* point group, 
we predict a perpendicular orientation at 200 K. 
As the crystal temperature increases, changes in the vibrational 
spectrum signal changes in the molecular orientation. Although the TDS 
results indicate molecular desorption at 280 K, hydroquinone is still present 
on the surface as evidenced in the EEL spectrum at 300 K. Further, a very 
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Figure 25, A proposed model for the temperature dependence of the 
orientation of hydroquinone on Ag(l 11). 
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weak molecular state Is observed in the TDS spectrum (cf. Figure 10). At 
300 K, the intensity of the 555 cm-i peak is increased with respect to the 
780 cm-i feature. Now, the EEL spectrum suggests a strong 555 cm-i 
feature, corresponding to the vieb vibrational mode of benzene. This 
symmetry species belongs to the totally symmetric representation only of 
point group Cs (i.e., representing a parallel orientation) and it obeys the 
metal-surface selection rule. However, since the remaining loss features at 
this temperature are assigned to representations in the C2v* point group 
(i.e., representing a perpendicular orientation), we predict a tilted 
orientation at this temperature. 
By 900 K, only one peak is observed in the hydroquinone EEL 
spectrum, appearing at 3050 cm-i. As previously discussed, this feature is 
assigned to a vch stretch, presumably due to an ethylinic hydrocarbon 
residue on the surface. Thus, by 900 K, either the hydroquinone has 
molecularly desorbed or decomposed to only hydrocarbon fragments, as 
depicted in Figure 25. 
The temperature dependent model Just described suggests molecular 
desorption, reorientation, and irreversible decomposition of hydroquinone 
on Ag(l 11). At 280 K, some hydroquinone desorbs molecularly and some 
hydroquinone species reorients on the surface and desorbs around 400 K. 
The remaining hydroquinone decomposes to a hydrocarbon residue by 
900 K, and the frequency of the vch stretch present at this temperature 
suggests a residue that is ethylinic in nature. Evidence of an ethylinic 
hydrocarbon residue may be found in the TDS data. Recall the mass 66 
feature observed at -240 K, presumably leaving an ethylinic alcohol species 
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(mass 44) on the surface. The presence of this species at 900 K may 
account for the vch stretch observed in the EEL spectrum at this 
temperature; however, since no mass 44 TDS data is available, this reaction 
pathway can only be hypothesized at this time. Further, studies of phenol 
on Mo(l 10) suggest that two species coexist on the surface, phenoxide and 
either phenoxide adsorbed on a different site or molecular phenol [25]. In 
this study of hydroquinone, the high temperature TDS state may represent 
a di-hydroxide species; however, our EELS data cannot unambiguously 
distinguish between a molecular hydroquinone or a di-hydroxide species. 
Our data do, however, suggest a reorientation of the adsorbed species upon 
surface heating. 
146 
5. CONCLUSIONS 
We identify and characterize three di-hydrojqrbenzene molecules 
adsorbed on Ag(l 11) using thermal desorption and high resolution electron 
energy loss spectroscopies. The molecules studied include catechol, 
resorcinol, and hydroquinone. All three molecules exhibit associative 
adsorption at 200 K and molecular desorption at temperatures below 400 K. 
Catechol desorbs molecularly at 240 K, resorcinol exhibits molecular 
desorption at 240 K, 280 K and -380 K, and hydroquinone desorbs 
molecularly at 250 K, 290 K and ~380 K. Further, the TDS and EELS data 
for all three compounds suggest no dehydrogenation upon adsorption or 
molecular desorption; however, our data cannot unambiguously rule out 
O-H bond scission. Further, in all three cases, the EEL spectra indicate 
that some of the di-hydroxybenzene molecule remains on the surface at 
300 K, suggesting some irreversibly bound molecular species. 
Decomposition to a hydrocarbon residue is observed in each case. We 
observe catechol decomposition by 700 K, decomposition of resorcinol by 
800 K, and by 900 K, hydroquinone is decomposed to a hydrocarbon 
residue. 
The vibrational losses observed in the EEL spectra can be assigned by 
comparison to normal vibrational modes of the benzene molecule and by 
comparison with assignment made by others in previous studies. Upon 
adsorption of catechol at 200 K, the EELS loss features indicate an inclined 
orientation on the surface; however, the EEL spectra of resorcinol and 
hydroquinone at this temperature suggest a perpendicular orientation. By 
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300 K, the catechol's orientation becomes more perpendicular; whereas, 
resorcinol's and hydroquinone's becomes more inclined. Irreversible 
decomposition is observed for catechol, resorcinol and hydroquinone at 700, 
800 and 900 K, respectively. 
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PART 3: 
THE SURFACE CHARACTERIZATION OF FYROGALLOL ON Ag COATED 
POLYESTER AND ON Ag(l 11): AN EELS STUDY 
151 
1. INTRODUCTION 
As described in the previous two sections of this text, phenolic 
functionalities are often added as adhesion promoters, to enhance the 
adhesive bonding of a polymer to a substrate [1]. Recall that a phenolic 
functionality is defined as a compound similar to phenol, i.e., a benzene 
ring with pendant hydroxyl groups. We are interested in examining the 
effect of position and number of hydroxyl substituents on the 
metal-surface bond. 
Previous chapters described the surface chemistry of phenol and 
three dihydroxybenzene molecules. In this chapter, we describe the 
surface characterization of 1,2,3-tri-hydroxybenzene, or pyrogallol. 
Pyrogallol, illustrated in Figure 1, is the most complex hydro^q^benzene 
compound studied in this work. We are motivated to study its surface 
chemistry on Ag(lll) because pyrogallol is a starting material for 
polymeric films formed on silver substrates: the films have potential 
industrial significance. 
Pyrogallol has been studied by linear potential scan voltammetry 
and potential-step chronocoulometry using thin-layer electrodes. In the 
previous study, pyrogallol was deposited from solution on a smooth Pt 
electrodes, and was determined to lie flat (i.e., parallel) on the electrode 
surface. Pyrogallol has not been studied using EELS or any other surface 
science technique, to the best of this author's knowledge. 
As described previously, great pains are taken with all of the 
hydroxybenzenes to ascertain their purity within the sample bulb and also 
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Figure 1. Diagram of the pyrogallol molecule. 
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after introduction to the UHV chamber via the gas doser. While the four 
simpler hydroxybenzenes discussed until now could be introduced to the 
UHV chamber with little apparent decomposition (except a minor 
amount of decomposition to phenol), this proved not to be the case for 
pyrogallol. Severe, yet sporadic, problems were encountered in 
producing pyrogallol within the UHV environment. These problems were 
never completely alleviated, despite our intense efforts. 
The following material is divided into two parts. First, we describe 
these problems and our efforts to solve them, and also present a possible 
reaction model to explain their origin. Second, we present EELS data for 
pyrogallol films obtained during a period when the decomposition 
problems were not severe. We compare these EELS data with data 
obtained for industrially-prepared films, and with EELS data for the 
simpler hydroxybenzenes presented in preceding sections. 
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2. EXPERIMENTAL 
The pyrogallol experiments were performed in a standard stainless 
steel UHV chamber with a typical base pressure of ~1 to 2 x 10"^® Torr. A 
complete description of this chamber, along with a schematic diagram, 
can be found in the Experimental Procedures section of this dissertation. 
Experimental details specific to the pyrogallol study are included below. 
The pyrogallol used in this study is reagent grade, purchased from 
Aldrich and specified as 99% pure. The pyrogallol is used without 
further purification except to pump out any volatile impurities from the 
sample bulb. Pyrogallol is air and light sensitive [2]; thus, special 
precautions must be taken in its storage and handling. Further, 
pyrogallol is a difficult molecule to work with as it is a solid with a very 
low vapor pressure at room temperature. The low vapor pressure makes 
it difficult to introduce pyrogallol into the vacuum chamber. Also, 
pyrogallol is very sensitive to heating and decomposes if the temperature 
is raised too fast or too high. 
Initially, due to pyrogallol's low vapor pressure, we devised a 
method similar to head space analysis in gas chromatography to 
introduce the vapor into the chamber. In this method, the glass sample 
bulb was immersed in an oil bath and the bath was heated to 70-75 °C, 
yielding a reasonably high pyrogallol vapor pressure (later measured with 
a thermocouple gauge under similar conditions at 500-1000 mTorr). 
Components of the manifold external to the UHV system were also 
heated to about 50-75 °C with heating tapes, to help prevent pyrogallol 
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condensation. In this early arrangement, the vapor could only be 
directed straight into the mass spectrometer ionizer, as shown in 
Figure 2. 
With this apparatus, the pyrogallol looked pure; that is, a mass 
spectrum of the vapor introduced directly into the mass spectrometer 
showed only major fragments attributable to pyrogallol. This spectrum is 
shown in Figure 3; the table accompanying this figure shows that the 
major fragments we observed were the same as those reported in the 
literature [3]. Relative intensities were slightly different, perhaps due to 
the fact that spectra in the literature and from our lab were obtained with 
different types of spectrometers. Note particularly that Figure 3 shows 
no peak at mass 136. 
The apparatus of Figure 2, however, had several severe drawbacks, 
which prompted us to build the improved system shown in Figure 4. The 
main changes included substitution of four glass bulbs for the single one, 
allowing a larger reservoir of pyrogallol, and addition of a more elaborate 
(and longer) stainless steel manifold. This manifold could route 
pyrogallol vapor directly to the surface of the crystal (left side of 
Figure 4), or it could direct the gas straight into the mass spectrometer 
ionizer (right side of Figure 4), without losing vacuum. The latter part of 
this manifold is constructed specifically to facilitate checks of gas purity. 
Irreproducible results obtained in preliminary TDS experiments 
prompted us to recheck the composition of the pyrogallol vapor. We 
obtained the new pyrogallol cracking pattern shown in Figure 5; note it 
has changed substantially from that shown in Figure 3. Although traces of 
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Figure 2. Schematic diagram of the original dosing apparatus. 
157 
Pyrogallol CgH^tOHjg 
Mass Intensity 
52 
126 
51 
80 
108 
25 
100 
15 
35 
35 
X 10 
80 
X 100 
Figure 3. Initial mass spectrum of pyrogallol in the UHV chamber 
using the original dosing apparatus. Electron energy is 
70 eV. 
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Figure 4. Schematic diagram of the improved dosing apparatus, 
including the stainless steel manifold. 
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Figure 5. Mass spectrum of "new" pyrogallol in the UHV chamber 
using die stainless steel manifold. Electron energy is 
70 eV. 
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the characteristic pyrogallol fragments are still visible, the spectrum in 
Figure 5 shows new, abundant fragments at masses 63 and 64, with 
smaller new features at masses 136 and 110. Clearly, the vapor being 
introduced at the silver surface was no longer pure pyrogallol; indeed, it 
was no longer even predominantly pyrogallol. 
We suspected several possible sources of this degradation problem 
and set out to make the appropriate changes. First, the pyrogallol in the 
sample bulbs was replaced several times, and in several different ways; a 
new batch of pyrogallol was obtained from the vendor and tested; the 
pyrogallol was purified under vacuum with freeze-thaw cycles; the 
chamber was purged with flowing pyrogallol for extended periods of 
time; the thermocouple gauge (with its hot filament) was left unused, and 
even removed entirely from the system; the configuration of the gas 
introduction system immediately adjacent to the mass spectrometer was 
rearranged such that the vapor was not routed directly into the hot 
filament of the ionizer; a water bath was used instead of an oil bath to 
heat the glass sample bulbs; the mass spectrometer was re-tuned using 
xenon to calibrate the high-mass range; a stainless steel sample bulb was 
substituted for the glass; and finally, the entire manifold was 
disassembled, cleaned, and reassembled. None of these changes, 
however, alleviated the degradation problem. 
Our next approach was to have independent purity tests of the 
pyrogallol done in-house at the Chemistry Department Instrument 
Services Facility using a solid probe, Finnigan 4000 quadrupole mass 
spectrometer. The mass spectrum of the pyrogallol obtained in this 
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manner is shown in Figure 6. This spectrum confirms that, indeed, the 
material in the sample bulb is pure pyrogallol. However, the pyrogallol 
vapor was passed into the solid probe mass spectrometer differently than 
into our mass spectrometer. To compensate for this difference, an 
all-stainless steel manifold was assembled, similar to that used on our 
chamber, and interfaced with the solid probe mass spectrometer in the 
Instrument Services Lab. Using this arrangement to mimic our 
experiments, we obtained the mass spectrum shown in Figure 7: note 
the peaks at masses 136, 110, 63, and 64. These results indicated that 
the pyrogallol in the storage bulbs was pure, but the vapor passing 
through the stainless steel manifold was not. Furthermore, the reaction 
products detected with the solid probe mass spectrometer, after passing 
through a steel manifold, were the same or very similar to the ones which 
we had detected using our UHV chamber. 
The cracking pattern of the degraded vapor, most noticeably the 
relative intensity of mass 110, was dependent upon the temperature of 
the oil/water bath. For instance, at 125-135 ^C, the spectrum of Figure 7 
was obtained, with strong intensity at mass 110 relative to mass 136. At 
lower temperature (70-75 oC) the spectrum at the top of Figure 8 is 
obtained, with lower intensity at mass 110 relative to 136. This 
indicated that there are at least two reaction products, distinguished by 
mass fragments 110 and 136. Several aromatic compounds can be 
identified as candidates for the high- and low-temperature reaction 
products, using the Instrument Services Laboratory's computerized 
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Figure 6. Mass spectrum of sample from the sample bulb, 
obtained from the Chemistry Department's Instrument 
Services. Electron energy is 70 eV, 
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Figure 7. Mass spectrum of 'Ifewri'gp^aMljpllpl through the stainless 
steel manifold, obtained from the Chemistry 
Department's Instrument Services. Electron energy is 
70 eV. 
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database. However, upon closer examination, only two yielded favorable 
agreement between measured and published cracking patterns. 
The low-temperature (mass 136) product is probably 
1,3-benzodioxol-2-one, based upon the good agreement with the 
published cracking pattern illustrated in Figure 8. The synthesis of this 
chemical from pyrogallol requires loss of two protons and addition of one 
carbon atom. We suggest that this most probably occurs by loss of H2O 
and addition of CO, as shown in Figure 9. 
The three candidates for the high-temperature (mass 110) product 
were 1,2-, 1,3- and 1,4-benzenediol, all of which are closely related to 
pyrogallol. The 1,2- and 1,3- compounds can form from pyrogallol simply 
by removal of one ojqrgen atom; however, the 1,4-compound requires, in 
addition, migration of a hydroxyl group on the benzene ring. These 
chemical structures, and their published mass spectra, are shown in 
Figure 10. While the data do not allow us to unequivocally pinpoint one of 
these three Isomers as the high-temperature (mass 110) product, we feel 
that the most reasonable possibility is 1,2-benzenedlol. 
At this point, we are uncertain whether degradation of the 
pyrogallol is catalyzed by the stainless steel surfaces of the manifold, or 
whether decomposition occurs in the gas-phase. It Is interesting to 
hypothesize that the degradation reaction is catalyzed by the stainless 
steel surfaces, and to note that both 1,2-benzenedlol and 
l,3-benzodloxol-2-one can form only if an oxygen atom is lost from the 3-
(or equivalent 1-) position of the parent pyrogallol molecule. 
Additionally, the fact that the yields of the two species are highly 
ï^rogallol 
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Figure 9. Proposed reaction pathway (pyrogallol to 
l,3-benzodioxozl-2-one). 
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temperature (110), reaction products (catechol, 
resorcinol, hydroquinone). 
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temperature-dependent might lead one to postulate the reaction 
sequence shown in Figure 11, wherein the adsorbed form of the diol is a 
synthetic intermediate leading to the ketone. At high temperatures, the 
residence time of the intermediate would be so short as to make addition 
of CO unlikely. Note that hydrogen and CO are not contaminants in the 
pyrogallol; rather, they must be available for reaction either as 
pre-existing impurities on the stainless steel surface, or as products of 
pyrogallol degradation. The former explanation is disfavored by the fact 
that purging the chamber for long periods of time does not alleviate 
pyrogallol decomposition; pre-existing surface impurities would certainly 
have been consumed by reaction under these conditions. 
According to Figure 11, two conditions must be met for the 
degradation reaction to proceed: dehydration must occur and stainless 
steel must be present to catalyze the reaction. The first step toward 
degradation of pyrogallol would be dehydration of the adsorbed molecule, 
as shown in Figure 11. Therefore, the presence of water vapor should 
inhibit degradation, at least by this route. Attempts to suppress 
degradation by deliberately introducing water to the gas phase proved 
unsuccessful, however, as the cracking pattern of the mixture indicated 
no substantial increase in mass 126 (pyrogallol) signal over the mass 136 
(l,3-benzodioxol-2-one). Thus, the presence of water did not enhance 
the stability of pyrogallol in the gas line. 
The proposed mechanism also suggests the degradation reaction is 
catalyzed by the stainless steel manifold. Thus, replacement of the steel 
manifold by an all glass one should inhibit the degradation reaction. 
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Pyrogallol 1,2-Benzenedlol 1,3-Benzodloxol-2-one 
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Phase 
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Figure 11. Proposed dehydration reaction pathway (pyrogallol to 
[l,2-dihydro:qrbenzene] intermediate to 
1,3-benzodioxol-2-one). 
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Following up on this logic, a Pyrex dosing system (with the same 
configuration of the stainless steel one shown in Figure 4) was designed 
and fabricated; however, the all glass line introduced its own set of 
experimental difficulties. For example, the thermal conductivity of the 
glass was so low that pyrogallol recrystallizes on the Pyrex tubing, before 
reaching the dosing needle. This problem was somewhat alleviated by 
wrapping the line with heating tapes, but this method was not foolproof 
either, as hot and cold spots could develop along the line. Further, any 
pyrogallol making it into the capillary dosing needle condensed and could 
block the needle, since the needle itself was unwrapped in vacuum. 
Wrapping the needle with tungsten wire and heating it in vacuum 
produced no significant change in the pyrogallol mass spectrum. 
Assuming that some pyrogallol must be getting into the chamber 
and simply not reaching the mass spectrometer, a glass extension to the 
capillary doser leading directly into the ionizer was attached. Hopefully, 
this modification would guide the pyrogallol into the mass spectrometer 
so its purity could be verified. However, again, there was no significant 
improvement in the pyrogallol mass spectrum. 
To further examine this problem of introducing pyrogallol at the Ag 
crystal, an all glass probe was custom built for use in the Instrument 
Service Lab. This new probe was essentially a model of the larger system 
used on the UHV chamber in that it had a Pyrex glass capillary, wrapped 
with W wire for heating, and was attached to a glass sample bulb via a 
standard tube fitting connection. The probe allowed direct introduction 
of pyrogallol into the ionizer of a quadrupole mass spectrometer. While 
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acquiring mass spectra, both the dosing line of the probe and the glass 
sample bulb were heated. The results of these experiments are 
described below. 
Electron impact mass spectrometry (EI-MS) experiments in the 
Instrument Services Lab were performed in the same manner as on the 
UHV chamber; that is, the sample bulb and dosing line were slowly 
heated (up to a final temperature of 145 ^C) to produce some gas-phase 
pyrogallol which was then leaked directly into the mass spectrometer 
ionizer (note that pyrogallol's melting point is ~133 °C). The results of 
this experiment agreed with our previous results; it appeared that no 
significant amount of pyrogallol ( identified by the presence of mass 126) 
passed into the mass spectrometer. However, a large H2O (mass 18) ion 
signal was observed, due either to dehydration of pyrogallol, hydroxyl 
groups adsorbed on the sides of the glass bulb, or a combination of the 
two. It is interesting to note that as the temperature of the oil bath 
surrounding the sample bulb reached 100 °C, the signal intensity of 
mass 18 decreased drastically and we observed the appearance of 
mass 136. Recall, mass 136 is indicative of l,3-benzodioxol-2-one, the 
product of a pyrogallol molecule after losing one H2O molecule and 
acquiring one CO molecule. The above observations would support our 
proposed reaction pathway; however, since the reaction still progressed 
with an all glass dosing line, it appears that stainless steel is not 
necessary for the reaction to proceed. Therefore, as written, the 
proposed reaction pathway shown in Figure 11 is probably incorrect. 
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On occasion, pure pyrogallol does enter the UHV chamber, and EEL 
spectra are obtained. Industrial films prepared from pyrogallol as a 
starting material are also analyzed by EELS. The following results are 
based on the EEL spectra obtained from pyrogallol deposited on Ag(lll) 
and from the industrial pyrogallol films, deposited in atmosphere, on Ag 
films. 
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3. RESULTS 
3.1. EELS of Pyrogallol on Ag(lll) 
Figure 12 shows EEL spectra for the deposition of pyrogallol on 
Ag(lll). Curve (a) represents deposition of pyrogallol at ~250 K, 
curve (b) depicts the spectrum after heating the crystal to 280 K, and 
curve (c) is the spectrum following crystal heating to 700 K. The spectra 
shown are representative, and the loss frequencies reported in Table 1 
are average values. Thus, the frequencies listed in Table 1 may not 
exactly match those in Figure 12. 
As with the previously studied hydro^qrbenzenes, the EEL spectra of 
pyrogallol are rich in that at least 5 main loss features are identified. At 
250 K, the first loss feature appears at 745 cm-i, and is associated with 
the skeletal structure of the aromatic ring. The vibration is assigned to a 
combination of out-of-plane skeletal vibrations and the out-of-plane ych 
deformation mode. This peak indicates aromaticity of the surface 
adsorbate, as discussed for the previous hydroxybenzene molecules; 
however, note its decreased intensity compared to the same peak of the 
other molecules studied. The second observable peak occurs at 
995 cm-i, and is assigned to the out-of-plane ych deformation mode. The 
next prominent loss feature appears at 1470 cm-i, with a low frequency 
shoulder at 1340 cm i. Both of these features are associated with vcc 
stretching modes of the benzene ring. Also, the shoulder at 1340 cm'i 
can be assigned to a vch stretching mode. Finally, a doublet appears in 
the range between 2935 and 3005 cm-i, and is assigned to vch 
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Figure 12. Electron energy loss spectra of pyrogallol on Ag(lll) at 
(a) 250 K, (b) 250 K and (c) 700 K. deposited in UHV. 
The vibrational mode assignments are summarized in 
Table 1. 
Table 1. Vibrational assignments for pyrogallol on Ag(lll) and 
Ag-coated polyester films. Symmetry species for the C2v 
and Cs point groups are presented. The shaded regions 
indicate symmetry species that represent totally 
symmetric representations of the respective point 
groups and obey the metal-surface selection rule. 
^Reference [5]. 
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Mode 
# 
Symmetry Species IR freq. 
(cm'M® Intensity® 
ï^rrogallol/ 
Ag(lll)b Pyrogallol/ Afi/PET CavUJ c, (//) 
1 A; a' ... — 
2 a' — 
3 b2 a" 1289 m 
4 32 709 vs 775 - 805 775 
5 32 »• 950 vw 995 
6a a* — — 
6b b2 a' 562 vw 
7a a' ... — 
7b (^2 a" 1001 vs 
8a a* 1621 s 
8b ^2 a" 1633 w 
9a a' 320 w 
9b ^2 a" 1141 m 
10a bi a" ... — 
10b ^2 ô' — 
11 ' <- 761 s 775 - 805 
12 ^2 a' 841 m 
13 a* 1243 s 1230 
14 a" 1366 s 1370 -1300 
15 =2 a" — ... 
16a b] a" — — 
16b ^2 u 578 w 
17a =2 a" — — 
17b bi — — 
18a ^2 a" 1063 s 
18b *1 a" 369 w 
19a ^2 a* 1524 vs 
19b a. a" 1487 vs 1470 1470 
20a ^2 a' 1323 vs 1370 -1300 
20b a" 3055 w 2900/3005 2935 
^OH ai a' 3250-3450 3 maxima 
PoH ^2 a" 1190 vs 
TOH bl a' 501 vs 
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stretching mode. The low frequency of this peak is indicative of aromatic 
C-H stretches. 
The 280 K pyrogallol spectrum shown in curve (b) is quite similar 
to that of curve (a); only minor changes are observed. First, the peak at 
745 cm-i is shifted up to 775 cm-^. Second, the 1470 cm ^ feature is 
more defined and appears more intense, relative to the 775 and 
995 cm-i features. Further, the doublet feature in the high frequency 
region is now a prominent peak at 2935 cm ^ with a high frequency 
shoulder at 3005 cm-i. The vibrational mode assignments for these 
features all remain the same. 
After heating the crystal to 700 K, the EEL spectrum evidences 
only very broad, low intensity loss features. A very broad feature is 
observed in the range between 805 and 1470 cm-i, and another low 
intensity feature is observed at -2900 cm-i. The features are most likely 
due to a hydrocarbon residue resulting from decomposition of pyrogallol 
on the surface. 
3.2. EELS of Industrial Pyrogallol Films 
Figure 13 shows EEL spectra for the deposition of pyrogallol on 
Ag-coated polyester (PET) films at atmospheric pressure. The spectra 
shown are representative of several taken at different times, and the loss 
frequencies reported in Table 1 are average values. Thus, the frequencies 
in Table 1 may not exactly match those of Figure 13. 
In the pyrogallol film spectrum shown in Figure 13, three 
prominent features are observed. The first loss feature appears at 
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Figure 13. Electron energy loss spectrum of industrial pyrogallol 
films on Ag-coated polyester films. The vibrational 
mode assignments are summarized in Table 1. 
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755 cm-i, and is assigned to a combination of out-of-plane skeletal 
vibrations and an out-of-plane yen deformation mode. Both of these 
modes are associated with skeletal vibrations of the benzene ring. The 
second most prominent feature occurs in the frequency range between 
~1300 and 1470 cm'i. We assign this feature to two vcc stretching 
modes. Finally, the last loss feature occurs at 2935 cm-i and is assigned 
to the vcH stretching mode. The low frequency of this feature suggests 
aromaticity of the adsorbed species. 
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4. DISCUSSION 
This study allows the identification, structural characterization and 
comparison of pyrogallol deposited on Ag(lll) and Ag films. We compare 
the EELS results of the pyrogallol films with those of the simpler 
hydroxybenzenes discussed previously and with published IR spectra to 
identify and assign the observed loss features. Features in the EEL 
spectra indicate the retention of aromaticity in the industrial pyrogallol 
films as well as in the films deposited under UHV conditions. Further, 
the EELS results suggest no dehydrogenation (i.e., O-H bond scission) 
upon adsorption, however, the possibility still exists. Finally, an inclined 
molecular orientation is postulated, and a model is proposed. 
4.1. Retention of Aromaticity 
Table 1 summarizes the observed loss features in the EEL spectra of 
both the UHV deposited and industrially prepared pyrogallol films. All 
pyrogallol vibrational mode assignments are made by comparison to the 
normal modes of the benzene molecule as described in the Introduction 
of this dissertation. Thus, the pyrogallol assignments are numbered 
according to the benzene vibrational mode convention. The fact that all 
of the observed loss features correspond to normal modes of the benzene 
molecule is a strong indication of the aromatic nature of the adsorbed 
species. 
At least two loss features observed in the 250 K, 280 K and 
industrially deposited pyrogallol EEL spectra suggest aromatic character 
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in the adsorbed species. The feature centered between 745 and 
805 cm-i is associated with the V4 and vn vibrations of the benzene ring. 
The V4 mode represents out-of-plane skeletal stretches, also described as 
a "C-C-C puckering" of the aromatic ring. The vn mode originates from 
ych out-of-plane bending modes. Further, losses in this frequency range 
can indicate the type of substitution in benzene derivatives, and in this 
case, indicates a 1,2,3- trisubstituted benzene [4]. As indicated in 
Table 1, the intensity of this feature is very strong in IR spectra, and in 
fact does appear very strong in the previous EEL spectra of the simpler 
hydrojQrbenzene molecules. In the pyrogallol films, this feature appears 
with only a medium intensity: however, the mere presence of a loss at 
this frequency strongly indicates an aromatic species. 
Further indication of aromaticity in the adsorbed species is 
evidenced by the vch stretch centered between 2935 and 3005 cm-i in 
these same pyrogallol EEL spectra. This feature is assigned to the V20b 
vibrational mode of the benzene ring. Generally, vch stretches for 
aromatic and ethylinic C-H bonds occur in the range between 3030 and 
3080 cm-i, whereas for aliphatic and acetylinic C-H stretches occur at 
much lower or higher frequencies, i.e., 2840 to 3000 cm-i for aliphatic 
VCH stretches and 3250 to 3340 cm-i for acetylinic vch stretches [4]. 
Further, it Is common to observe multiple peaks in this region [4] as is 
present in the EEL spectrum of the UHV deposited pyrogallol film. 
Therefore, due to the frequency of the observed vch stretch, the 
adsorbed species is indeed aromatic. 
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After heating to 700 K, most of the features in the UHV deposited 
pyrogallol Aim EEL spectrum appear as very broad, low intensity losses. 
A very low intensity, broad feature appears in the range between 805 and 
1470 cm-i, and another broad feature centered around 2900 cm-i is 
observed. The absence of a definite peak around 805 cm-i and the low 
frequency of the 2900 cm-i feature suggest loss of aromaticity in the 
adsorbed species at this temperature. As mentioned in the previous 
paragraph, the low frequency of the vch stretch indicates aliphatic C-H 
stretches. Thus, by 700 K, the adsorbed species no longer appears 
aromatic. 
4.2. Dehydrogenation 
Although no TDS data exist for the pyrogallol films, we can 
hypothesize about possible dehydrogenation (O-H bond scission) upon 
adsorption on Ag(l 11). All the EEL spectra evidence an absence of a vqh 
stretch. If present, this loss should appear in the range between 3250 
and 3450 cm"l [5]. Using only evidence obtained from the EEL spectra, 
three possible explanations exist for the absence of this feature: (a) O-H 
bond scission upon adsorption, (b) hydrogen bonding on the surface or 
(c) parallel orientation of the O-H bond in accordance with the 
metal-surface selection rule. Note that only one of these explanations 
invokes O-H bond scission. If O-H bond scission occurs, we would not 
expect to observe a vqh stretch in the EEL spectra [6]. Figure 14 shows 
how the dehydrogenated surface species might appear on Ag(lll). 
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Figure 14. Diagram of dehydrogenated pyrogallol on Ag(l 
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A second possibility, hydrogen bonding between adjacent pyrogallol 
molecules could also explain the absence of a vqh stretch. Hydrogen 
bonded O-H bonds have small scattering cross sections in EELS and IR 
[7, 8], thus, one might expect to observe only a very weak vqh stretch, or 
none at all. Further, evidence of hydrogen bonding between adsorbed 
phenol molecules has been observed previously [9, 10]. Figure 15 shows 
how hydrogen bonded pyrogallol species might appear on the surface. 
Thus, the absence of a vqh stretch does not conclusively indicate O-H 
bond scission. 
Finally, the orientation of the O-H bond axis may make the vqh 
stretch virtually invisible in the EEL spectra, in accordance with the 
metal-surface selection rule. One can envision this possibility in two 
ways: either the entire pyrogallol molecule lies flat on the surface, or at 
least the axis of the O-H bonds lie parallel to the surface. Figure 16 shows 
these two possible orientations. Briefly, the metal-surface selection rule 
states that only vibrations with a component of the dipole moment 
change perpendicular to the surface will be observed in EEL spectra. In 
either of the above cases, the O-H bond would be parallel to the surface, 
and the vqh stretch would not be observed. Therefore, again the absence 
of a VQH stretch does not conclusively indicate O-H bond scission. 
The above arguments suggest several possible explanations for the 
absence of the vqh stretch in the pyrogallol EEL spectra. Only one 
explanation favors dehydrogenation, and the latter two suggest no O-H 
bond scission upon adsorption. Instead, the orientation of the adsorbed 
species, along with hydrogen bonding between adsorbed molecules. 
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Figure 15. Diagram of hydrogen bonded pyrogallol on Ag(lll). 
186 
Figure 16. Two possible orientations in which the O-H bond axis 
lies parallel to the surface. 
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would cause the vqh stretch to be essentially absent from the EEL 
spectra. At this point, dehydrogenation cannot be completely ruled out; 
however, TDS and isotopic exchange experiments would be necessary for 
complete proof of O-H bond scission. 
4.3. Ring Orientation and Normal Mode Assignment 
To determine the molecular orientation of pyrogallol on the 
surface, we first categorize all the vibrational modes into different point 
groups representing different geometric orientations. In this case, two 
point groups are chosen for comparison; the Cgy point group represents a 
perpendicular orientation and the Cg point group represents a parallel 
molecular orientation. Further, each vibrational mode can be described 
by a specific symmetry species within each point group, as listed in 
columns 2 and 3 in Table 1. The observed loss features will either 
correspond to one, both, or neither of the specific point groups. The 
point group to which most of the vibrational modes can be assigned 
describes the molecular orientation of the surface species. 
Most of the loss features observed in both the UHV and industrially 
deposited pyrogallol films can be assigned to vibrational modes in the Cg 
point group, i.e., the symmetry point group representing a parallel 
orientation of the pyrogallol molecule. The assignment of this symmetry 
point group assumes no perturbation from the adsorption site. The peak 
appearing in the frequency range between 745 and 805 cm-i is assigned 
to a combination of the V4 and vn vibrational modes of the benzene ring. 
The V4 vibrational mode is associated with puckering of the aromatic 
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ring, and vn originates from out-of-plane ych bending modes. Although 
the frequency of this peak shifts up with increasing temperature, the 
frequency shift does not change the assignment of the feature. The peak 
at 995 cm-i appears only in the UHV deposited films, and is assigned to 
the V5 vibrational mode of the benzene ring which also corresponds to 
out-of-plane ych deformations. Finally, the loss feature appearing at 
1340 cm-i is assigned to V20a. the vc-oh stretching mode. All of these 
vibrational modes belong to totally symmetric representations of the Cg 
point group and obey the metal-surface selection rule. 
According to the above evidence, we might speculate that pyrogallol 
assumes a parallel orientation on the surface. However, two of the 
observed loss features would also be consistent with a perpendicular 
orientation. The feature appearing as a shoulder at 1340 cm-i can also be 
assigned to the vi4 vibrational mode of benzene. This vibrational mode is 
associated with C-C stretches and belongs to the totally symmetric 
representation of the C2v point group. Recall the C2v point group 
represents a perpendicular molecular orientation. Further, the peak 
appearing in the frequency range between 2900 and 3005 cm-i is 
assigned to v20b. the vibrational mode associated with vch stretches. This 
vibrational mode also belongs to the totally symmetric representation of 
the C2v point group. Thus, some vibrational mode assignments suggest a 
perpendicular molecular orientation. 
Since only one loss feature shows any temperature dependence, 
based only on the EELS results, we suggest that there exists only one 
species on the surface. Further, this species adopts a single well-defined 
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molecular orientation, i.e., either perpendicular, tilted, or parallel. As 
discussed above, most of the assigned vibrational modes belong to the Cg 
point group (i.e., a parallel orientation); however, vi4 can also be assigned 
to the C2v point group, while V20a is assigned solely to the C2v point 
group. The presence and assigrmient of these features to the C2v point 
group suggests some tilting of the pyrogallol away from the surface. 
Figure 17 shows how a inclined orientation might appear on the surface. 
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V 
Figure 17. Diagram of pyrogallol in an inclined orientation, at 
some angle, 9, from the surface normal. 
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5. CONCLUSIONS 
We identify and characterize pyrogallol adsorbed on Ag(lll) and on 
Ag-coated PET films using high resolution EELS. Upon adsorption, the 
aromatic nature of the pyrogallol molecule is preserved, as evidenced in 
the EEL spectra. Further, the EELS data cannot unambiguously 
determine if dehydrogenation occurs upon adsorption; further studies 
using TDS and isotopic exchange are necessary to determine if O-H bond 
scission occurs. 
The vibrational losses observed in the EEL spectra can be assigned 
by comparison to normal vibrational modes of the benzene molecule and 
by comparison with assignments of the simpler hydroxybenzenes studied 
previously by this author. Upon adsorption, the EELS loss features 
observed in the spectra for both the UHV deposited films and the 
industrially deposited films indicate an inclined molecular orientation on 
the surface. 
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GENERAL CONCLUSIONS 
In this dissertation, we investigate the interaction of a series of 
hydro:!grbenzene molecules with the Ag(l 11) surface in an attempt to model 
how technologically important phenolic adhesives bond to metal surfaces. 
The main conclusions that can be drawn are summarized below: 
(a) All of the hydroxybenzene molecules studied undergo 
associative adsorption gmd molecular desorption, indicating that the 
molecules retain their aromaticity upon adsorption on the Ag(l 11) surface. 
(b) Evidence of aromaticity of the surface species in the industrially 
prepared films of pyrogallol on Ag-coated polyester is observed in their 
vibrational spectra. 
(c) Dehydrogenation of the hydroxyl groups upon adsorption is not 
directly observed in the thermal desorption results of the mono- and 
di-hydroxybenzene molecules: however, the vibrational spectra suggest 
possible O-H bond scission. We attribute the apparent O-H bond scission to 
hydrogen bonding between the adsorbed species or to the parallel 
orientation of the O-H bond axis with respect to the surface. 
(d) The EELS results suggest that not all the hydro^benzene 
molecules desorb molecularly below 400 K. Instead, some molecules are 
irreversibly bound to the surface and undergo decomposition at higher 
temperatures. 
(e) The vibrational losses observed in the EEL spectra are assigned 
by comparison to the normal vibrational modes of benzene or to the 
assignment proposed in previous studies of these molecules. 
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(d) Phenol and catechol are oriented in an inclined position, at 
some angle 6 from the surface normal, upon adsorption at 200 K. By 300 K, 
the orientation becomes perpendicular to the surface, and by 700 K, the 
molecules decompose, forming a hydrocarbon residue on the surface.. 
(e) Resorcinol and hydroquinone are oriented perpendicular to the 
surface upon adsorption at 200 K. As the temperature is increased, the 
molecules assume an inclined position, tilted away from the surface normal 
by some angle 0. Both molecules undergo decomposition by 800 K, leaving 
a hydrocarbon residue on the surface. 
(f) The orientation of pyrogallol appears not to be temperature 
dependent. The molecule assumes an inclined orientation (i.e., tilted by 
some angle 0 away from the surface normal) upon adsorption around 250 K. 
As the temperature increases, pyrogallol's orientation remains the same 
until the molecule decomposes. 
These studies are performed in an effort to model how technologically 
Important phenolic resins interact with metal surfaces. Fundamental 
research on the interaction of hydroK/benzenes with metal surfaces, such as 
that described here, may potentially improve the related industrially 
important phenolic resins. 
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APPENDIX A: 
A COMPUTER PROGRAM FOR THERMAL DESORPTION EXPERIMENTS 
202 
1. INTRODUCTION 
Thermal desorption spectroscopy (TDS) is a technique widely used 
in surface analysis. In the TDS experiment, an adsorbate covered crystal 
is heated linearly while monitoring the gas phase of the vacuum chamber 
with a mass spectrometer. As the crystal temperature increases the 
adsorbate may desorb, decompose, decompose and recombine to desorb 
at a higher temperature, or react with a second adsorbate and desorb. A 
typical thermal desorption spectrum is shown elsewhere in this text 
(Part 2, Figure 5), and is a measure of the partial pressure of a gas with a 
specific mass as a function of time or crystal temperature. 
The TDS experiment becomes long and tedious if monitoring only 
one mass at a time; however, computer control allows essentially 
"simultaneous" examination of several in one experiment. In this way, a 
very complex reaction, with several desorption products, can be studied 
in one experiment rather than repeating the experiment for each 
possible reaction product. 
As well as expediating the TDS experiment, computer controlled 
TDS has several other advantages. For example, data may be stored 
permanently on floppy disks, thus minimizing the possibilty of damage or 
loss. Second, the data may be manipulated and plotted more easily, 
conveniently, and repeatedly using a computer plotting routine. Finally, 
mathematical calculations can be performed more precisely and 
reproducibly from stored data as opposed to hand measurements and 
calculations. 
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The remainder of this appendix describes a computer program 
written for an IBM compatible Electra computer to acquire, plot, and 
mathematically manipulate thermal desorption data. 
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2. EQUIPMENT 
The ELECTRA personal computer is interfaced to a UTI lOOC 
quadrupole mass spectrometer and a commercial temperature controller 
[1] via a Data Translation DT2821 interface board. The DT2821 board has 
eight differential analog-to-digital (A/D) input channels and two 
digital-to-analog (D/A) output charmels. Further, 16 I/O ports are 
available for writing or reading data. The computer also supports a 
Hewlett-Packard 7470A two pen plotter, a Hewlett-Packard Laser-Jet 
printer and a STAR Micronics NX-1000 dot matrix printer. Figure 1 
schematically illustrates the interface. 
2.1. Mass Control 
Mass control is achieved through D/A channel 0 on the DT2821 
board. The board is configured to provide 0 to +10 V to the "EXTERNAL 
PROGRAM" connector on the rear panel of the mass spectrometer. This 
voltage range corresponds to 0 to 300 AMU, and is internally scaled by 
the mass spectrometer electronics and applied to the quadrupole rods. 
Thus, mass is represented in three ways: atomic mass units (0 to 300 
AMUs), a voltage (0 to 10 V) proportional to that applied to the mass 
spectrometer, or a DAC output (0 to 4095, binary notation). The 
computer accepts a binary DAC value, converts this value to the 
corresponding voltage, and sends the voltage to the mass spectrometer 
controller. An external program "CALIBRAT" is used to determine the 
DAC output corresponding to individual masses. 
205 
computer 
isolated 
43 
isolated 
non­
isolated 
o 
DAC temperature 
meter ch ret 
H-box 
+ + 
jumper 
installed 
power 
supply 
±15VDC 
TCR 
TC sample 
chamber 
Figure 1. Schematic diagram of the Electra computer interface 
and peripheral equipment. 
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The CALIBRAT program is used to determine the relationship 
between DAC output and mass for a particular mass spectrometer. The 
operator enters a DAC value between 0 and 4095 and the computer sets 
the mass spectrometer to the corresponding AMU value. An approximate 
DAC value for a specific AMU can be calculated as follows 
DACVAL = AMU x (4095/300) 
The computer then reads the signal intensity for the entered DAC value 
and the preceding seven DAC values and displays all eight DAC vaslues 
and signal intensities on the screen In this manner, the operator actually 
sees which DAC value produces the maximum signal intensity and 
records this value. When the DAC values for all masses are determined 
and recorded, the operator enters these values into the AMU table on the 
menu screen in the HTDS program. This calibration procedure need 
only be repeated weekly. 
2.2. Mass Intensity and Temperature 
The mass signal intensity and temperature are measured via two 
A/D channels on the DT2821 interface board. The A/D channels are read 
differentially, that is, the amplifier sees only the "difference" in voltage 
between the high end and return side of the input channel. Differential 
operation connections have the advantage of reducing the common mode 
noise (i.e., voltage noise common to both sides of the analog input). The 
A/D channels are configured to accept bipolar voltages between -10 and 
+10 V. The computer reads mass intensity on A/D channel 0 from the 
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connector labeled "SIGNAL OUT' on the rear panel of the mass 
spectrometer controller. 
An independent commercial temperature controller [1] regulates 
the sample heating rate. The computer reads the temperature on A/D 
channel 5 from the "DVM" connector on the rear panel of the 
temperature controller. The thermocouple output from "DVM" is 
internally amplified 100 times within the temperature controller, and 
this amplification factor is accounted for during the voltage (mV) to 
temperature (K) within the HTDS program. 
The temperature controller is computer regulated to start, stop, 
and reset the heating ramp. This control is accomplished using I/O 
Port 0 on the DT2821 interface board in conjuntion with an external 
circuit comprised of a HEX inverter, three reed relay IC chips and a 
voltage regulator. A schematic drawing of this circuit is depicted in 
Figure 2. Reverse logic is used in this command sequence, thus a LO 
signal sent to the appropriate I/O bit activates the relay. Specifically, bits 
5, 6 and 7 of I/O Port 0 correspond to the start, stop and reset functions 
of the temperature controller, respectively. Programming the I/O ports 
is described in detail in the DT2821 user's manual, beginning on page 
7-54, and the sequence is also documented extensively within the HTDS 
program. 
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Figure 2. Schematic representation of the relay circuit for 
controlling the temperature controller. 
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3. ELECTRA TDS PROGRAM 
3.1. Program Overview 
The Electra TDS computer program is written in Fortran using the 
"top-down" programming style, i.e., extensive use of subroutines. The 
subroutines are listed in Table 1 along with a brief statement of each 
subroutine's purpose and location vâthin the program. The subroutines 
are divided into two categories, minor and major. The minor subroutines 
are usually short and called upon often by several other routines. In 
general, these subroutines are used for conversion between integer and 
character values (INTCHAR, CHARINT, etc.) or to change various 
parameters on the menu display (AMUP, COP, OFF?, etc.). Major 
subroutines are generally longer and comprise the backbone of the 
program. Some of these subroutines are used to acquire data (MSREAD), 
store or load data to or from floppy disks (LOAD or STORE), or plot data 
to the screen or the Hewlett-Packard plotter (K-PLOT, T-PLOT, R-PLOT, 
or D-PLOT). The remainder of this section is devoted to describing the 
HTDS program. 
3.2. Menu 
The menu screen that appears when the operator executes the 
HTDS program is shown in Figure 3. The message "ENTER THE FIRST 
TWO LETTERS OF YOUR CHOICE TO CHANGE:" is displayed at the 
bottom of the screen. 
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Filename Subroutine / Function Purpose 
FXR.FYR Converts a real% to an X- or Y-graphics unit. 
FXTR.FYTR Converts an integer% to an X- or Y-graphics unit. 
CONVERT 
INTCHAR Converts an integer to a character*3. 
INTCHAR4 Converts and integer to a character*4. 
RCHAR5 Converts a real (5.2) to a character*5. 
CHARINT4 Converts a character*4 to an integer (15). 
HERzros HTDS Executable program. 
STORE Stores dataiïle on a floppy disk. 
INOUT LOAD Loads dataiïle into HTDS. 
PRINT Prints dataiïle to the 
chosen printer. 
FNAMEP 
Accepts & displays the 
iïlename, device, & extension 
on the menu screen. 
MENU DATE? Accepts & displays the date on the menue screen. 
MENU Arranges the options list on the menu screen. 
Table 1. Subroutines used in the thermal desorption program, 
along with the location and purpose of each. 
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Filename Subroutines/ Function Purpose 
MENU AMUP 
Accepts & displays the AMU 
table information (AMU, 
DACVAL, and GAIN) on the 
menu screen. 
COP 
Accepts & displays 4 
comment lines on the 
menu screen. 
MSGAINP 
Accepts & displays the UTI 
gain, set externally, to the 
menu screen. 
OFFP 
Accepts & displays the 
Y-offset value for the 
current data to the 
menu screen. 
YSCP 
Accepts & displays the 
Y-scale multiplier for the 
current data to the 
menu screen. 
OPRARP 
Accepts & displays the 
operator'e name to the 
menu screen. 
NOAVGP 
Accepts & displays the 
number of times the signal 
should be sampled during 
one acquisition loop to the 
menu screen. 
SLOPEP 
Accepts & displays the 
heating ramp slope to the 
menu screen. 
ITEMPP 
Accepts & displays the 
InitiA temperature to the 
menu screen. 
FTEMPP 
Accepts & displays the end 
temperature to the 
menu screen. 
NMASSP 
Accepts & displays the 
number of masses monitored 
to the menu screen. 
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Filename Subroutine/ Function Purpose 
MENU SHOW 
Accepts & displays the 
number of masses monitored 
to the menu screen. 
ASZRO 
Adds or removes an ASCII 
zero from the end of a 
string. 
ERASE Clears the screen. 
ABSCSR Positions the choices on the menu screen. 
Mise VIDATR Sets the video attributes of the screen. 
MESSON Prints a blinking message on the screen. 
MESSOFF Shuts off a blinking message on the screen. 
POSDATA Corrects two's complement errors. 
WATT Wastes time. 
PLOT M2 
Plots the data to various 
devices, uses the Graphics 
Development Toolkit. 
AREACALC Calculates the peak area. 
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Filename Subroutine/ Function 
Purpose 
TDSEXP TPDRUN 
Performs the actual 
TDS experiment. 
BRDINTT Initializes the DT2821 board. 
READY Waits for the multiplexer 
to settle. 
ADCONV Performs a single analog-to-
digital conversion. 
DACOUT Outputs values to DACO, 
DAC1, or both DACs. 
TEMPREAD Reads the current 
temperature of the sample 
from the temperature 
controller. 
TCHANSET Loads the CHLCSR register 
with the number of channels 
employed. 
MSREAD Reads the mass-spec signal 
for a given AMU value. 
MCHANSET Loads the CHLCSR register 
with the number of channels 
employed. 
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IBM. 16/JAN/90 m i 
DF.IVE: A: FILENAME: SAMPLE EX:EN'=.ION: .  TD5 
DATE: 04/02/91 
OPERATOR: I'DSL" 
MASS# AM'J DACVAL GAIN 
AVERAGES: 35 ====== =====—: ======= STO=:E 
UTI GAIN: 9 1 2 0 0 1 0 :• 
INITIAL TEMP: 300 2 35 0 0 D rv 01 
END TEMP: 500 3 :'8 0 0 1 - PLOT 
NUMBER or MASSES; 4 4 44 0 0 --PLOT 
Y-SCALE: 1.00 5 » P-FLO: 
OFFSET Y: 0 6 ««* ***$ $ Ar:C; 
SLOPE: 6 7 $** $*** * I'F.ira 
8 *** »»«» * a.::APH 
COMMENTS: * QUIT 
ENTER THE FIRST TWO LETTERS OF YOUR CHOICE TO CHANGE 
Figure 3. Thermal desorption program's main menu. The menu 
displays important documentation about the dataflle. 
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To change a parameter, the operator must type the first two letters 
of the parameter choice, followed by a carriage return, <RET>. If the 
letters entered are not capitalized, the blinking message, "ACTIVATE 
CAPS-LOCK KEY AND RETRY COMMAND", will appear on the screen. 
When capital letters are used, a prompt is displayed for that parameter 
and the operator enters the new value, followed by <RE}T>. The 
computer updates the menu screen and again displays the prompt 
"ENTER THE FIRST TWO LETTERS OF YOUR CHOICE TO CHANGE:". 
For example, to change the filename of a datafile, the operator 
types FI. The computer will then prompt "ENTER FILENAME", and the 
operator types the new filename. The computer accepts the information 
and updates the menu screen by calling subroutine FILENAME? in file 
MENUB.FOR. 
The menu screen is divided into three sections: a parameter list, 
the AMU table, and an option list. The parameter list includes DRIVE, 
FILENAME, EXT, OPERATOR, AVERAGES, UTI GAIN, INITIAL TEMP, 
END TEMP, NUMBER OF MASSES, Y-SCALE. OFFSET Y, SLOPE, and 
COMMENTS. All parameters can be changed in the manner described 
above. The location of and subroutine corresponding to each parameter 
is listed in Table 1. Several of the parameter functions are briefly 
described below. 
DRIVE refers to the drive where the datafile can be found or will be 
stored. The default drive is A, and the data is stored on or retrieved from 
a floppy disk. 
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DATE refers to the date on which the data is acquired. The date is 
retrieved from the computer's clock using subroutine GDATE (get date), 
an MEF No-Limit FORTRAN subroutine. The date may be changed in the 
same manner as any other parameter. 
AVERAGES refers to the number of times (INOAVG) the signal is 
sampled for each AMU in one cycle. Thus, the computer will sample the 
signal of one AMU for INOAVG number of times, calculate the average 
value, and return this average value to the program. The default 
AVERAGES value is 35. 
UTI GAIN refers to the mass spectrometer electrometer gain. The 
electrometer gain is not computer controlled, but is used to calculate 
peak areas. The correct gain should be used in these calculations to 
accurately compare experiments. Internally, the DT2821 interface board 
amplifies the incoming signal by preselected factors of 8, 4, 2, or 1. 
Thus, approximately one order of magnitude of computer controlled gain 
is available. Selecting the internal gain is controlled in subroutine AMUP 
when the AMU table is created and will be discussed later in this text. 
The INITIAL TEMP and END TEMP (K) are read directly from the 
temperature controller as a voltage, converted to K, and displayed on the 
updated menu screen upon completion of an experiment. The INITIAL 
TEMP default value of 300 K is essentially meaningless, so the operator 
need not enter or change this parameter. The END TEMP (K), however, 
is crucial to the TDS experiment since data acquisition terminates when 
the sample temperature reaches the input final temperature. The default 
END TEMP value is 500 K. 
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NUMBER OF MASSES refers to the number of masses studied in 
one experiment. The default value is 4 and must be changed if less than 
four masses are studied since the computer will cycle through four AMU 
voltages even if only two values are entered in the AMU table. When a 
new NUMBER OF MASSES value (NMASS) is entered, the AMU table is 
updated to display the appropriate number, denoting the remaining table 
entries as blank (***). The maximum number of masses that can be 
examined in one experiment is eight. The arrangement of the AMU table 
will be discussed later in this text. 
Y-SCALE and OFFSET Y refer to the scale multiplier and position of 
the plotted data on the screen or plotter. For example, a Y-SCALE value 
of 2 doubles the amplitude of the plotted trace, and an OFFSET Y value of 
3 moves the trace up three integral units on the plot. 
SLOPE refers to the heating rate slope set on the temperature 
controller. The values for SLOPE may be 1 through 10, corresponding to 
heating rates of 0.1, 0.2, 0.5 1, 2, 5, 10, 20, 50, and 100 mV/min, 
respectively. This value is not computer controlled, but used strictly for 
documentation purposes when comparing experiments. 
COMMENTS refers to any documentation the operator chooses to 
enter. There are four COMMENTS lines available for text describing the 
experiment. For example, the operator may describe the background 
pressure, exposure, sample temperature, or any other information 
pertinent to the experiment. To access these comment lines the 
operator may either type C, CO, or CI, C2, C3, or C4 corresponding to an 
individual comment line. 
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The AMU table comprises the second section of the menu screen. 
When the menu screen is displayed, four masses (2, 18, 28, and 44) are 
entered in the table. No DACVALs or GAlNs for these masses are 
displayed however. To change a table entry, the operator must choose a 
MASS # (1-8). The prompt, "ENTER AMU#:" appears and the operator 
must enter some AMU (0-300). The computer will then prompt, 
"ENTER DACVAL:" and the operator enters a numerical value (0-4095) 
corresponding to the input AMU value. The DACVALs are obtained using 
an external program named CALIBRAT, and must be determined prior to 
initiating the TDS experiment. Finally, the prompt, "ENTER GAIN (0-3):" 
appears, and the operator sets the internal DT2821 board gain as 0, 1, 2, 
or 3, corresponding to multiplication factors of xl, x2, x4, or x8, 
respectively. The AMU table is updated after each complete entry. 
The final portion of the menu screen contains the list of program 
options, including DOSE, RUN, STORE, LOAD, D-PLOT, K-PLOT, T-PLOT, 
R-PLOT, AREA, PRINT, GRAPH, and QUIT (see Figure 3). The remainder 
of this section describes these options, and Table 1 lists the location of 
the subroutines corresponding to each option in program HTDS. 
3.3. Dose 
The DOSE option allows the operator to run adsorption 
experiments and monitor the signal intensities as the crystal is exposed 
to the adsorbate of interest. In these experiments the sample 
temperature is constant, and the computer monitors the signal 
intensities for a preset length of time. As the program is written, the 
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cycle time is two minutes (or JCOUNT3 = 2200 counts on the internal 
computer clock). This time length may be changed by altering the 
program software. 
3.4. Run 
Selecting the RUN option begins the data acquisition routine. 
When RUN is selected, the subroutine TPDRUN is called and the 
computer prompts "ARE THE TCR AND UTI TURNED? (Y/N)". At this 
time, the operator can make a final check of the electronics before 
actually starting the experiment. If N is chosen, the program returns to 
the menu screen. If Y is selected, the temperature ramp is started and 
data acquisition begins. The first step is to initialize the A/D circuits on 
the DT2821 interface board. Next, the blinking message, "TDS 
EXPERIMENT IN PROGRESS!" is displayed on the screen. Also, the 
initial clock count is read from the computer's internal clock using 
TIMASM, a MEF No-Limit FORTRAN subroutine. 
Next, the program reads the initial temperature. Using the 
subroutine TEMPREAD the thermocouple voltage is read, converted from 
an analog voltage to a digital bit value (subroutine ADCONV), and averaged 
over INOAVG number of times. This value (TEMP) is converted back to a 
millivolt value, and finally converted to a Kelvin temperature. One 
conversion equation is used over the entire temperature range. This 
equation was derived empirically by fitting chromel-alumel thermocouple 
output and temperature data to a third degree polynomial. If tungsten-
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rhenium thermocouple wires are used, three fifth degree polynomial 
conversion equations are used, and the program software must be altered. 
The signal intensity for each AMU is now acuired by calling 
subroutine MSREAD. The point count (SCNT) is set at 1 for the first data 
point. When the mass spectrometer is set to a voltage corresponding to 
an individual AMU, the subroutine WAIT is called 20 times to allow 
sufficient time for the mass spectrometer to settle on this voltage. The 
signal intensity at this voltage is sampled INOAVG number of times, 
internally converted from an analog signal to a digital value, and the 
average value (MSOUT) is returned to TPDRUN where it is stored in an 
array, W2. This MSREAD loop is repeated for each input AMU. and when 
all the signal intensities are acquired, the SCNT is increased by 1. The 
sample temperature is now compared with the input end temperature 
(FTEMP). If the current temperature is less than FTEMP, the 
TEMPREAD subroutine is called and the entire data acquisition loop is 
repeated. 
When the sample reaches a temperature greater than FTEMP, the 
final clock count is read by calling TIMASM again. The elapsed time is 
calculated, converted to milliseconds, and divided by SCNT to obtain 
time intervals which are stored in the TIME2 array. At this time the 
heating ramp is terminated. 
3.5. Store and Load 
The STORE and LOAD options allow storage to and retrieval from 
floppy disks. When STORE is selected, subroutine STORE is called from 
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the INOUTB file. The computer prompts, "IS THERE A DISK IN DRIVE 
A? (Y/N)", allowing the operator to check the disk drive. If 'N' is 
entered, the same prompt is repeated. If Y' is entered, the disk drive is 
checked for possible errors using CHKDRV, a MEF No-Limit FORTRAN 
subroutine. Three possible blinking messages may appear depending on 
the nature of the error, if any is found, including: "UNKNOWN STORAGE 
DEVICE ERROR -TRY AGAIN", "DRIVE NOT READY", or "UNFORMATTED 
DISK". Next, DISKINF, another MEF No-Limit FORTRAN subroutine, is 
called to check if there is enough disk space for the current datafile. If 
not enough space is found, the message "NOT ENOUGH SPACE ON DISK" 
will blink on the screen. If the current filename has been used previously 
on the disk, the computer will prompt 'THE FILE ALREADY EXISTS— 
OVERWRITE?? (Y/N)". If the answer is 'N' the program returns to the 
menu screen, but if "Y", the data is stored under the current filename 
while the message "STORING" blinks on the screen. If some writing 
error occurs, the message "WRITING ERROR !!!!!!" blinks on the screen. 
In the above sequence, the data is stored to drive A with the TDS default 
three letter extension. If no writing errors were detected, the 
"STORING" message quits blinking and the program returns to the menu 
screen. 
When LOAD is selected, subroutine LOAD is called, and the chosen 
datafile is retrieved from the floppy disk into the HTDS program. As in 
STORE, the CHKDRV subroutine is used to check for drive errors. If no 
errors are found, the datafile is loaded into HTDS while the blinking 
message "LOADING" appears. If an error occurs while opening a file. 
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"ERROR OPENING FILE" blinks and if an error reading the file occurs, 
the message line will blink "ERROR READING FILE". If no errors are 
detected the program returns to the menu screen after the "LOADING" 
message quits blinking. 
3.6. *-Plot 
D-PLOT, K-PLOT, T- PLOT, and R-PLOT allow the datafile to be 
plotted, in various formats, to the screen or the plotter. The plotting 
options are chosen by the operator. D-PLOT allows the adsorption data to 
be plotted vs. time, K-PLOT and T-PLOT allow plotting of signal intensity 
vs. temperature or time, respectively, and R-PLOT allows the 
temperature ramp (temperature vs. time) to be plotted. After selecting a 
plotting option, flags are set in the program to establish specific plotting 
formats, and then a generic plotting initialization is used for all plots. 
Once initialized, subroutine M2 is called for the actual plotting. 
The flags used in this routine include TFLAG, AFLAG, DFLAG, and 
RFLAG. TFLAG is the time or temperature flag, and a value of 1 selects 
plotting the signal intensity vs. time, whereas a value of 0 means the 
signal intensity is plotted vs. temperature. AFLAG is the area flag, and a 
value of 1 calls the AREACALC subroutine. If DFLAG, the data only flag, is 
set to 1, only the data is plotted, with no documentation. Finally, RFLAG 
is the temperature ramp flag, and a value of 1 means temperature is 
plotted vs. time. 
Once the plotting format is chosen and the flags are set, the 
plotting initialization begins. The screen is set up and when the prompt. 
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"ENTER MASS# (l-(NMASS))", appears, the operator responds by 
entering a mass number between 1 and NMASS. Next, the computer 
prompts, "WHAT DEVICE (QUIT=0, SCREEN=1, PRINTER=2, 
PLOTTER=3)?:" and the operator selects to which device the data will be 
plotted. If quit (0) is chosen, the program returns to the menu screen. 
If the printer or the plotter is chosen (2 or 3), the operator is asked if 
everything (i.e., documentation, axes, scale, etc.) or only the data should 
be plotted as the prompt, "DATA ONLY (Y/N)?:", appears. 
Next, the plotting device is set up, and the program proceeds by 
asking the operator to make several choices regarding the plots. For 
example, when the plotter is used, a pen color (PICO, corresponding to 
pen position) must be selected in response to the prompt, "PEN COLOR 
(1 OR 2);". Another prompt asks whether the X-axis should be 
automatically or manually scaled, "AUTO OR MANUAL (A/M)? [0=QUIT1". 
If quit is chosen, plotting is terminated and the menu screen is 
displayed. If manual scaling is chosen, the operator is prompted to enter 
the initial and final times (or temperatures), and if these values are not 
within the data range acquired, the prompts reappear. These prompts 
include, "ENTER THE INITIAL TIME (in seconds):" or "ENTER THE 
INITIAL TEMPERATURE;" along with "ENTER THE FINAL TIME (in 
seconds):" or "ENTER THE FINAL TEMPERATURE:". If automatic scaling 
is chosen, a flag is set to 1 (AUTOFLAG=l), and the scaling range includes 
the entire data range acquired. 
At this point the generic plotting initialization is complete and the 
M2 plotting subroutine is called. M2 uses GRAPHICS DEVELOPMENT 
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TOOLKIT routines to open the workstations and plot the TDS data on the 
screen, plotter, or printer. All the setup values for these workstations 
have been established in the generic plotting initialization section. This 
M2 subroutine arranges the information to be plotted into three regions: 
a plotting region, a documentation box, and a comment area. The largest 
of these is the plotting region which is enclosed in a box. Within the 
plotting region will be the data trace, the X- and Y-axes, as well as some 
AMU information. The documentation region is located on the upper left 
side of the plot and includes the following information: filename, date, 
operator, slope, and an AMU/GAIN table. This information is passed from 
HTDS, and any integer values must be converted to character strings 
before they can be displayed on the plots. The final region, the comment 
area, is enclosed in a box and it is here that the four comment lines, if 
any, will be displayed. If plotting to the screen, this comment region is 
not displayed. 
The data is now plotted by two-point line segments. That is, two 
consecutive points are plotted and connected by a line, taking into 
account any Y-scale multiplication factors or offset values. This sequence 
is repeated until all the data are plotted. The X-axis is then drawn across 
the bottom of the plotting region by establishing the range domain and 
the minor and major intervals, denoted by small or large ticmarks, 
respectively. The domain is determined from the information provided 
in the plotting initialization routine regarding automatic or manual 
scaling. The time or temperature labels are centered under the major 
interval ticmarks. The Y-axis is now plotted with small ticmarks and 
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labels. Essentially, the Y-axis divides the plotting region vertically into 10 
integral units. 
Finally, if displaying to the screen, a prompt will appear asking if 
another mass is to be plotted, "ANOTHER PLOT? (ENTER 0-8 
IO=QUIT])". If so, the mass number of the AMU to be plotted is entered. 
If the value entered is outside the range (0-8), the prompt is repeated. If 
the operator wishes to quit, 0 is entered, and the program returns to the 
menu screen. 
3.7. Area 
The AREA option plots the signal intensity vs. time to the screen 
and calculates the area under a TDS peak using initial and final cursor 
points specified by the operator. When the AREA option is selected, 
TFLAG and AFLAG are set to 1, and the operator is asked which mass to 
plot, "ENTER MASS# (l-(NMASS)):". The X-axis is automatically scaled 
and the data plotted. At this point the subroutine AREACALC is called, an 
OPTIONS list and a data box are added to the screen display, and a cursor 
(crosshair) is displayed in the plotting region. 
The OPTIONS list includes three options: R=REDO START, 
Q=QUIT, and V=VALUE. These options allow the operator to manuever 
in the AREACALC routine by setting a flag (VFLAG) value. VFLAG can have 
3 values to determine which parameters are set. If VFLAG is 0, the initial 
and final cursor points have not been chosen, so the program is at its 
beginning. A value of 1 for VFLAG indicates that the initial cursor point 
has been selected, and a value of 2 indicates that both the initial and final 
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cursor positions are chosen and the area is being computed. Taping an 
"R" sets VFLAG to 0 and the operator can move the cursor to a new 
location. If "V" is chosen, information about the selected data point is 
displayed in the data box. Finally, selecting "Q" returns the program to 
M2 and displays the prompt, "ANOTHER PLOT? (ENTER 0-8 [0=QUIT])". 
Once an initial cursor position is chosen, selecting "V" displays the 
data about that point in the data box. The data box includes the DATA#, 
TIME, TEMP, and SIGNAL values specific to that point. This operation is 
used to determine peak temperatures or times and signal intensities. 
The initial and final cursor points are chosen by the operator using 
the arrow keys to center the cursor on the first point, typing <RET>, and 
then repeating the procedure for the final point. After the initial point is 
chosen, a line is drawn connecting the first point to the final point. The 
slope of this line is used in background subtraction. The incremental 
movement of the cursor can be reduced by pressing the <insert> key 
once, and the original increment restored by pressing the <insert> key 
once again. 
The initial and final cursor points are stored as time (TlMEl, 
TIMEF) or signal intensity values (FIRST(2), LAST(2)), and the X and Y 
coordinates of F1RST(2) and LAST(2) are (SX1,SY1) and (SX2.SY2). The 
slope (MSLOPE) of the line between F1RST(2) and LAST(2) is calculated 
by the ratio of the difference in Y values to the difference in X values. 
Further, the y-intercept (B) can be calculated using MSLOPE and the 
FIRST(2) X and Y coordinates. The peak area is actually calculated 
between two new points, KNTl and KNT2, where KNTl is the first data 
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point following FIRST(2) and KNT2 is the data point preceding LAST(2). 
The X coordinate of KNTl is defined by CHKTIME and that of KNT2 by 
CHKTIME2, whereas the Y coordinates of KNTl and KNT2 are defined by 
the corresponding T1ME2 values. 
The area under a TDS peak is determined by selecting initial and 
final cursor points at the base of a TDS peak, calculating the area, and 
subtracting the background intensity. The peak area between KNTl and 
KNT2 is determined by summing areas of small rectangles. The width 
(TIMEINT) of these small rectangles is given by the ratio of the range in 
X values to the number of data points in that range. Initially, AREA is set 
to 0, and the area of the first rectangle is calculated as the product of its 
height (W2 - (MSLOPE*TIME2 -B)) and width (TIMEINT) and added to 
AREA. This procedure is followed until the area of the final rectangle is 
summed. 
3.8. Print 
Selecting the PRINT option allows a hardcopy of the current 
datafile to be printed to the STAR NX-1000 printer. The information 
printed on the hardcopy includes the filename, slope, AMUs, time 
intervals, and signal intensity data. 
3.8. Graph 
Selecting the GRAPH option calls the STORE subroutine, but stores 
the data in a format compatible with the GRAPHER graphics software 
package. In particular, the data is stored in a column format, i.e., 10 
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columns labeled TIME, TEMPERATURE, and AMUs 1-8. Further, the 
three letter extension following the filename is changed to .DAT. 
3.10. Quit 
Selecting the QUIT option terminates the TDS program and the 
computer returns to its original operating system (DOS). 
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4. CONCLUSIONS 
Although the top-down style of the ELECTRA TDS program seems 
structurally complex, the menu-driven approach is user friendly and 
makes the program easy to run. By selecting menu options, the operator 
can easily change file parameters, acquire data, store or retrieve data to 
or from floppy disks, and plot data to various devices. This computer-
interfaced capability greatly simplifies the acquisition and manipulation of 
TDS data. 
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ABSTRACT 
We have studied the surface composition and vibrational properties 
of Pb02 and Bi-doped Pb02 electrode surfaces using Auger electron 
spectroscopy (AES) and high resolution electron energy loss 
spectroscopy (EELS). Deposition from perchlorate solution yields 
chlorine-rich oxides. For Pb02. chlorine tends to segregate at the 
surface. For Bi-Pb02, chlorine does not segregate at the surface, but the 
concentration of chlorine throughout the bulk of the oxide is about three 
times that in Pb02. This suggests that Bi and CI may be chemically bound 
in the doped oxides. Hydroxyl groups and hydrocarbon fragments are 
also present throughout the bulk of both films. Both oxides exhibit 
distinct phonon loss spectra, similar to those observed by other authors 
with EELS for many other oxides. Subtle differences between vibrational 
frequencies of the two oxides may be related to differences in surface 
crystallographic orientation or to differences in chemical composition. 
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1. INTRODUCTION 
Surface oxides inevitably form during anodization of metal 
electrodes. Thus, the role of metal oxide electrodes in various anodic 
electrode processes, e.g., electrosynthesis [1] and ojqrgen transfer 
reactions (OTRs) [2], is an important topic of investigation. Lead dioxide 
(Pb02) electrodes are interesting because they are non-stoichiometric, 
they possess accessible surface oxygen, and they have high oxidizing 
power at high oxygen overpotential [2, 3]. In addition, Pb02 electrodes 
function electrocatalytically in oxygen transfer reactions [4]. In 1986, Yeo 
and Johnson reported that the incorporation of Bi into the Pb02 matrix 
(hereafter referred to as Bi-Pb02) further enhances these anodic OTRs 
[2]. However, at present there is little understanding of why or how Bi 
exerts this important effect. 
Oxygen transfer is thought to proceed by mechanisms involving 
surface oxygen extraction from the metal oxide lattice and subsequent 
o^q^gen atom replacement by the anodic discharge of water [4]: 
MOjf + R —> ^^(x-i) RO 
MO(x-i) H2O —> MOx + 2H^ + 2e 
In these reactions, MOx is the metal oxide (Pb02 or Bi-Pb02), MO(x-i) 
represents the oxygen deficient metal oxide, R is the reactant 
(O-acceptor), and RO is the oxygen-rich product. With Bi present in or 
on the Pb02 surface, the OTRs occur at half-wave potentials (E1/2S) near 
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that of the redox couple, which is less than the potential 
required for di-o^qrgen evolution at pure Pb02 [4]. Yeo and Johnson have 
amperometrically determined that Bi-doping of the Pb02 electrodes 
significantly increases the heterogeneous rate constants for several 
anodic OTRs relative to the undoped electrodes [2], This observation of 
enhanced catalytic activity is consistent with previous studies of the 
catalytic effect of Bi in various metal oxide matrices [5, 6J. The presence 
of Bi in the Pb02 electrode film also increases the stability of the 
electrode by increasing its useful voltammetric range [2]. 
Several models have been proposed to explain the effect of Bi on 
Pb02 electrodes. Originally, Yeo and Johnson used Bi as a dopant because 
the stoichiometiy of the Bi^+ oxide, Bi02.5, is such that there must be a 
higher ojqrgen content than for Pb02 [2]. (The electrode potential 
applied during electrodeposition of Bi-Pb02 is sufficient to oxidize Bi^+ to 
Bi^+ [2].) Thus, they envisioned that the Bi dopant creates oxygen-rich 
defect sites in the Pb02 lattice, thereby enhancing the electrode's 
capacity for o>qrgen transfer [2]. However, later experiments with other 
dopants failed to support this simple "rule of stoichiometry" [2, 4, 7, 8]. 
A subsequent study of the structures of the films, using x-ray diffraction 
(XRD), indicated that the Bi dopant induces the films to grow with a 
preferential orientation different from that of the pure Pb02 films [8, 9]. 
The Bi-Pb02 films grow with an oxygen-rich plane preferentially exposed 
at the surface, which briefly led to speculation that this might be the 
source of the Bi enhancement [7]. Yet this hypothesis, too, was eventually 
discarded because there is no systematic correlation between the effect 
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of various ions as dopants in OTRs, and the orientation of the doped Pb02 
film [8]. Most recently, Johnson and coworkers suggested that the 
dopant enhances oxidation because it has weaker metal-oxygen bonds 
than are present in the lead matrix, and it thus releases oxygen more 
readily to the oxidant [8]. At the same time, they suggested that it is 
important for this dopant to be interstitially incorporated into the Pb02 
lattice [8]. 
The surface properties of Pb02 and Bi-Pb02 electrodes can affect the 
rates of oxygen-transfer reactions. Thus, characterization of these 
surfaces using surface sensitive electron spectroscopies is essential to 
understanding the processes involved in anodic OTRs. In this paper, we 
present the first study of Pb02 and Bi-Pb02 films analyzed with Auger 
electron spectroscopy (AES) and electron energy loss spectroscopy 
(EELS). Auger electron spectroscopy provides an elemental analysis of 
the surface. In addition, the combination of AES and Ar+ sputtering 
(hereafter referred to as depth profiling) is used to examine the 
composition of the electrodeposited films as a function of depth. We 
employ high resolution EELS to determine the surface vibrational 
properties of the Pb02 electrodes and the effect of Bi-doping on these 
properties. The goal of our work is to compare the composition and 
vibrational properties of the two oxide surfaces so we can test if there is a 
relationship between the electrode surface properties and the enhanced 
electrocatalytic activity of the Bi-Pb02 electrodes. 
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2. EXPERIMENTAL 
2.1. Electrode Preparation 
Gold foil is used as the substrate for the films of Pb02 and Bi-Pb02-
The Au foil is cleaned with acetone and methanol, rinsed with triply 
distilled water, and dried in air before deposition. The Pb02 layers are 
made by electrodepositing Pb02 on the Au foil from a solution of 10 mM 
Pb(N03)2 in 1.0 M HCIO4 at a potential of + 1.6 V vs SCE for 20 minutes. 
The Bi-Pb02 electrodes are electrodeposited from a solution of 10 mM 
Pb(N03)2 and 5 mM Bi(N03)3 in 1.0 M HCIO4 at + 1.6 V vs SCE for 
25 minutes. The Bi/Pb atomic ratio in the resultant film is approximately 
0.4 [7]. The oxide film thickness is 100 ± 10 mm (1.0 ± 0.1 x 10® Â). 
Following electrodeposition, the solutions, rinsed thoroughly with triply 
distilled water, and allowed to dry in air. 
2.2. Surface Analysis 
After preparation as described above the sample is mounted directly 
onto a button heater (Spectra-Mat) via Ta clips spotwelded to the heater. 
The sample is then transferred into an ultrahigh vacuum (UHV) chamber, 
where it can be heated conductively and radiatively by passing current 
through the heater. The sample temperature is measured using W-5% Re 
and W-26% Re thermocouple wires spotwelded directly to the heater and 
in contact with the back of the Au foil. The sample is then transferred 
into the UHV chamber, and the system is baked for 12 to 24 hours at 
ca. 100°C to achieve UHV conditions. 
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The stainless steel UHV chamber has a typical base pressure of 
1 X 10"^® Torr, The chamber is pumped by a 400 L/s ion pump, a 50 L/s 
turbomolecular pump, and a titanium sublimator. The surface 
characterization and preparation devices include a retarding field 
analyzer for Auger electron spectroscopy, a high resolution electron 
energy loss spectrometer, and an ion bombardment gun. The 
arrangement of these devices is shown schematically in Figure 1. 
The AES and depth profile experiments are performed using a 
retarding field energy analyzer and an ion bombardment gun. Typical 
conditions for the AES experiments are 1.5 kV beam energy, 0.5 mA 
current at the sample, and 5 eV peak-to-peak modulation amplitude. 
Typical conditions for Ar+ sputtering are 1.0 kV beam energy and 1.0 mA 
current at the sample. 
The EELS experiments are performed with a commercial 
spectrometer from McAllister Technical Services. It consists of 127° 
sectors for both the monochromator and analyzer. The sectors are 
mounted in the "double C" configuration, and the entire spectrometer is 
surrounded by ^i-metal magnetic shielding to minimize stray magnetic 
fields. Typical conditions for the EELS experiments are 2.5 eV beam 
energy and 2.0 x 10'^® A current at the sample. The spectra are recorded 
in the specular geometry with a typical resolution of 160 cm'^ for the 
elastically scattered peak. 
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EELS 
Ion Gun 
AES 
Viewport 
Figure 1. Schematic cross-section of the ultrahigh vacuum (UHV) 
chamber. The dashed circle indicates the focal point 
circle, the circle around which the sample can move. 
The system is pumped by a 50 L/s turbomolecular pump 
(not shown) and a 400 L/s ion pump with a titanium 
sublimator (also not shown). 
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3. RESULTS 
3.1. Undoped Pb02 Electrodes 
Auger electron spectroscopy studies of the undoped Pb02 films 
suggest that the electrodes consist of a complex mixture of Pb, O, and CI. 
Transitions are assigned on the basis of published reference data [10]. In 
Figure 2, the peaks at 90, 242, and 263 eV are the Auger transitions of 
Pb, the peak at 179 eV is due to CI, and the peak at 515 eV represents 0. 
The presence of Au, presumably from the substrate, is observed as a peak 
at 55 eV. If the Pb02 film were pure and contiguous, the Au should not be 
visible in AES. This is because the mean free path of the Auger electrons 
(the effective sampling depth of AES) is 10^ Â at the most, and the Pb02 
films are nominally 10® Â deep. The presence of Au in the Auger spectra 
is probably due instead to cracks or pinholes in the PbOg film, since 
these are sometimes even visually apparent in the films. In addition, a 
small amount of hydrocarbon exists as a contaminant, based on the EELS 
data (see below). However the C Auger transition (normally at 272 eV 
[10]) is not clearly observed, perhaps partly due to overlap with the Pb 
transition at 265 eV. 
The appearance of a CI transition at 179 eV indicates that CI is 
present at the undoped Pb02 surface. The majority of this surface CI 
originates from the 1.0 M HCIO4 plating bath used for electrodeposition, 
rather than from atmospheric contamination when the sample is 
transferred from solution to UHV. This conclusion rests on the fact that 
a film deposited from a 1.0 M HNO3 plating bath instead of HCIO4 exhibits 
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Figure 2. Auger spectrum of the undoped Pb02 electrode. Auger 
transitions are assigned to Au, Pb, CI, and O according 
to reference [10]. 
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the Auger spectrum shown in Figure 3. As shown in Figure 3, CI is again 
observed at 179 eV; however, the intensity of this peak is significantly 
less than the CI peak observed in Figure 2. The absence of an intense CI 
peak in Figure 3 suggests that only trace amounts of CI exist on the 
surface which is deposited from the HNO3 solution; however, a 
N transition at 381 eV [10], which would be diagnostic for incorporated 
nitrate or nitrogen, is not observed. In addition, Auger transitions for Pb 
and O are again identified. The peaks at 89, 242, and 263 eV are 
assigned to Pb transitions, while the peak at 515 eV is assigned to 0. 
Depth profiling probes the spatial homogeneity of the electrode 
films, in the direction perpendicular to the surface plane. The depth 
profile of the Pb02 film is shown in Figure 4. The concentration ratios 
are calculated as the ratio of the peak-to-peak height of the specified 
element relative to that of the Pb peak at 90 eV. The concentration 
profile of the Pb02 film shows that the O/Pb ratio remains constant as the 
film is sputtered away. In contrast, the Cl/Pb ratio decreases by a factor 
of three as the surface layer is sputtered away and then remains constant, 
but nonzero, upon further sputtering. Thus, our results indicate that CI 
concentrates preferentially at the surface but is also present within the 
Pb02 matrix. 
High resolution EELS studies of the undoped Pb02 electrodes reflect 
the nature of the chemical bonds at or near the surface. The EEL 
spectrum of the Pb02 film is shown in Figure 5, with the loss frequencies 
summarized in the first column of Table 1 111]. The spectrum consists of 
two main regions, one with low frequency losses (< 2900 cm"^) and one 
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Figure 3. Auger spectrum of an undoped Pb02 electrode 
deposited from a 1.0 M HNO3 plating bath. Auger 
transitions are assigned to Au, Pb, CI, and O according 
to Ref. [101. 
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DEPTH PROFILE OF PbO„/Au 
Layers Removed 
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Figure 4. Depth profile of the undoped Pb02 electrode. 
The calculation of concentration ratios is described in 
the text. The solid lines are drawn to guide the eye. 
The top abscissa is labelled with sputtering depth, 
calculated by assuming a sputtering yield of unity and 
removal of one surface layer at a time. The depth profile 
results from two separate experiments, and the error 
bars represent the standard deviations in the 
measurements. 
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Figure 5. Electron energy loss spectrum of the undoped Pb02 
electrode. The vibrational mode assignments are 
summarized in Table 1. 
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PbOa Bi-Pb02 Sputtered Bi-PbOa 
ni 700 ± 20 785 ± 25 695 ±5 
"2 1335 ± 20 1350 ± 35 1345 ±15 
"3 2030 ± 40 2070 ±160 2010 ± 70 
"4 2940 ± 35 2965 ± 35 2970 ± 45 
«5 3610 ± 45 3770 ± 40 3595 ± 25 
n 30 12 3 
k 3 4 3 
Table 1. Frequencies (in cm-i) of major loss features observed in 
EELS, rounded to the nearest 5 cm-i. ni - ng are 
frequencies of phonons, as described in the text. 
Values are quoted as the mean, plus/minus on standard 
deviation, calculated from n (the total number of EELS 
measurements) and k (the number of different oside 
samples studied), as described in Ref. [11]. 
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with high frequency losses (> 2900 cm"^). The spectra do not resemble 
published infrared or Raman spectra of discrete lead oxide molecules or 
clusters, e.g. PbO, Pb202, or Pb^O^ [12, 13]. Rather the low frequency 
losses observed at 700 ± 20, 1335 ± 20, and 2030 ± 40 cm"^ exhibit 
several characteristics which identify them as single and multiple phonon 
excitations, similar to those observed previously for ZnO [14], NiO [15-
17], TiOg [18], MgO [19, 20], SiTiOg [21], WO3 [22], Nao.yWOg [22], and 
AI2O3 [23-27]. First, the low-frequency losses in Figure 5 appear at 
regular intervals; that is, the frequency differences between the losses 
are constant, within experimental error, at 675 cm'^. This observation 
suggests that the second and third losses represent multiple excitations, 
and the first loss feature represents a single vibrational excitation. 
Second, the intensities of the three losses decrease with increasing 
frequency. For multiple excitations, the intensity is known to vary with 
number of excitations according to a Poisson distribution [14, 28], and 
this is consistent with our observation. Finally, in some Pb02 spectra, a 
low frequency gain is observed at a frequency near 700 cm"^; however, 
the intensity of the peak is extremely low and an exact gain frequency is 
difficult to assign. These characteristics suggest that the low-frequency 
losses arise from single and multiple excitations of phonons, i.e., lattice 
vibrations. These three characteristics have ^ been observed in previous 
EELS studies of metal oxides, where they are specifically associated with 
long-wavelength optical (Fuchs-Kliewer) phonons [14-27]. 
In the EEL spectra, we do not see any features which we can 
specifically assign to PbCl2 or Pb-Cl vibrations. The characteristic Pb-Cl 
249 
modes occur at frequencies below 350 cm"^ [29]. We do not observe 
these, perhaps because they are masked by the tail of the elastic peak. 
There are also no features in the range 950-1270 cm-i, which is the 
range where characteristic Cl-O stretching frequencies occur in metal 
perchlorates [30]. Again, if these were present they could be so weak 
that they would be effectively masked by the phonon loss at 
1335-1350 cm-i. 
High frequency loss features are also observed in the EEL spectrum 
of Pb02. The high frequency region in Figure 5 includes losses at 
2940 + 35 and 3610 + 45 cm"^. We assign the feature at 2940 cm"^ to a 
vcH mode, presumably arising from contamination by hydrocarbons. The 
remaining high frequency loss feature at 3610 cm'^ may be a vqh mode, 
arising from hydro^qrl species, and/or it may be a combination of the 
700 cm"^ phonon and the v^h mode at 2940 cm"^ It is highly unlikely 
that this feature represents molecular water, present as a hydrate or 
occluded in the film. Molecular water would almost certainly evaporate 
very soon after the sample is transferred to vacuum, since water is not 
generally stable on metal or metal oxide surfaces at room temperature in 
vacuum [31]. 
The EELS features of the Pb02 films remain unchanged after 
heating to 450 K or following exposure to oxygen in the pressure range 
10"^ to 5 X 10'7 Torr (total exposures up to 50 L), at room temperature. 
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3.2. Bi-doped PbOg Electrodes 
The AES studies indicate that the composition of the doped PbOg 
electrode surface is grossly similar to that of the undoped surface. Auger 
transitions for Pb, Bi, O, and CI are identified in the Auger spectrum in 
Figure 6. For the calculation of concentration ratios, the transition at 
90 eV is assumed to represent pure Pb, and likewise, the transition at 
97 eV to represent pure Bi, even though there is clearly some overlap 
between the two features which affects their relative intensities. The two 
peaks at 244 and 267 eV represent overlapping Pb and Bi transitions. 
Further, the O transition is assigned to the peak at 514 eV. The presence 
of Au, related to the substrate, is again observed as a peak at 55 eV, As in 
the undoped films, CI is present in the Bi-Pb02 films and is identified as 
the peak at 181 eV. Finally, hydrocarbons are also present, based on the 
EEL spectra (see below). However, the C transition (normally at 272 eV 
[10]) is not observed. A weak C feature could be obscured by the 
combination (Pb + Bi) transition at 267 eV. 
Depth profiling suggests that the Bi-Pb02 films are more 
homogeneous than the undoped PbOg films. The depth profile of the 
Bi-Pb02 film is shown in Figure 7, and the concentration ratios for CI and 
O are calculated in the same manner as previously described. The Bi/Pb 
concentration ratio is calculated as the ratio of the peak height of the Bi 
transition at 99 eV, measured from a linearly extrapolated baseline, to the 
peak-to-peak height of the Pb transition at 90 eV. For the doped film, 
the Bi/Pb, Cl/Pb and O/Pb concentration ratios remain constant 
throughout the sputtering time. Our data indicate that Bi, CI and O do 
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Figure 6. Auger spectrum of the Bi-Pb02 electrode. Auger 
transitions are assigned to Au, Pb, Bi, CI, and O 
according to Ref. [10]. 
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Figure 7. Depth profile of the Bi-Pb02 electrode. The calculation 
of concentration ratios is described in the text. The 
solid lines are drawn to guide the eye. The top abscissa 
is labelled with sputtering depth, calculated by 
assuming a sputtering yield of unity and removal of one 
surface layer at a time. The depth profile results from 
two separate experiments, and the error bars represent 
the standard deviations in the measurements. 
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not segregate to the surface of these electrodes, thus suggesting that Bi is 
uniformly distributed throughout the thickness of the film, and that the 
Bi-Pb02 films are more homogeneous in composition than the Pb02 films. 
Surface phonon modes are again observed in the EEL spectra of 
Bi-Pb02. The EEL spectrum of the Bi-Pb02 electrode is shown in 
Figure 8 with the loss frequencies summarized in the second column of 
Table 1. Three intense, low-frequency modes and two high frequency 
losses are observed in this spectrum. As in the undoped film, the 
intensities of the first three losses at 785 ± 25, 1350 ± 35, and 
2070 ±160 cm'^ decrease with increasing frequency. Further, in some 
EEL spectra, a low intensity gain feature is observed at a frequency near 
785 cm'^. In this low-frequency regime, the only significant difference 
between the Bi-Pb02 film spectra and the Pb02 film spectra lies in v^, 
which is about 80 cm-i higher for the Bi-Pb02 films. Note that the V2 and 
Vg values are not shifted upward, and this suggests a contribution to 
which is not related to a lattice phonon, at least in the Bi-doped films. 
The EEL spectra for Bi-Pb02 also exhibit features at higher 
frequencies. In the EEL spectrum shown in Figure 8, high frequency 
losses are observed at 2965 + 35 and 3770 ± 40 cm'^. As for Pb02, the 
loss at 2965 cm'^ is assigned as Vch. due to hydrocarbon contamination. 
The loss feature at 3770 cm"^ may be a Vqh mode arising from hydroxyl, 
and/or a combination of two lower frequency modes, specifically, those 
occurring at 785 and 2965 cm"^. This 3770 cm"^ feature is significantly 
higher in frequency for the Bi-Pb02 films than for the PbOg; films, as 
shown by Table 1 as well. 
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Figure 8. Electron energy loss spectrum of the Bl-Pb02 
electrode. The vibrational mode assignments are 
summarized in Table 1. 
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After the Bi-Pb02 film is sputtered, the EEL spectra resemble those 
of the original undoped Pb02 film. The EELS frequencies measured for 
the sputtered oxide films are summarized in the third column of Table 1. 
Sputtering the doped film with Ar+ for ca. 3 hours causes the frequencies 
of the 785 and 3770 cm"^ peaks to decrease to the point where there is 
no significant difference between the EEL spectra of the Pb02 film and 
the sputtered Bi-Pb02 film. 
Finally, we note that all the EELS features of the Bi-Pb02 films are 
insensitive to heating, at sample temperatures up to 500 K. This 
indicates that the crystal structure remains intact to these temperatures, 
and that any hydrocarbon and hydroxyl species are also stable under 
these conditions. 
4. DISCUSSION 
One of the main results of this study lies in the fact that chlorine is 
unambiguously present, both at the surface and in the bulk, of pure and 
Bi-doped Pb02 films. The main source of this chlorine is undoubtedly the 
HCIO4 present in solution as the film grows, as proven by comparison of 
Figures 2 and 3. Many of the PbOg films, and all of the electrochemically-
grown Bi-Pb02 films, described in the literature up to now have been 
deposited from HClO^-containing solutions [2, 4, 7-9]. Thus, our findings 
show that chlorine has probably been a contaminant in most other films 
described in the literature. The chlorine may be incorporated as 
perchlorate, as atomic chloride, or as some form of metal oxychloride. 
Perchlorate is a rather large ion whose inclusion in the PbOg lattice 
seems unlikely; furthermore, we do not observe distinct EELS features in 
the range characteristic of metal perchlorates, 950-1270 cm"^ [30]. On 
the other hand, the ClO^^' ion may be incorporated preferentially at 
domain boundaries and defect sites; and the loss feature due to the Cl-O 
stretch may be obscured by the intense lattice phonon. The possibility of 
C104^" is supported (and the possibility of chloride is discounted) by the 
fact that the films are deposited at oxidizing potentials. Our data are not 
adequate at this point, however, to determine the chemical form of the 
chlorine in these films. It must be noted that no crystalline materials 
beside PbOg were detected in the previous XRD study [8, 9], but the 
detection limit in the XRD work was probably on the order of 5% [32]. 
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The role of this chlorine in affecting the catalytic properties of the 
electrode Is unknown. However, it is striking that one pronounced 
difference between Pb02 and Bi-Pb02 films lies in the spatial distribution 
of chlorine within the sample. For the Pb02 electrodes, chlorine is 
located preferentially at the surface, whereas for the Bi-Pb02 electrodes 
it is not. In addition, below the surface region, the chlorine 
concentration in the Pb02 film drops (on average) to about one third of 
that in the Bl-Pb02 film. At the surface, the concentration of chlorine is 
the same in the two samples, within ca. 20%. This is shown by 
comparison of Figures 4 and 7. 
These data suggest that Bi enhances the tendency to incorporate CI 
into the oxide lattice as it grows. The presence of Bi may enhance the 
incorporation of CI as Bid- or BiOCl-containing units into the oxide 
lattice, for instance, relative to PbCl- or PbOCl-containing units. 
Alternatively, Bi may create relatively more defect sites in the Pb02 
lattice where ClO^^" can be trapped. The fact that there is preferential 
surface concentration of CI in the Pb02 films but not in the Bi-Pb02 films 
is more difficult to explain. This may be related to the effect of doping on 
the surface roughness of the films, or to the role which Bi plays in the 
kinetics of film deposition. 
More subtle differences between the Pb02 and Bi-Pb02 films are 
revealed by EELS, as summarized by the first and second columns in 
Table 1. For both oxide surfaces, the vibrational spectra show a series of 
phonon losses, labelled v^, V2 and Vg. Based upon comparison with 
characteristics of oxide phonons published in many other EELS studies 
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[14-27], we identify these three features as lattice phonons. The 
similarity between these losses for the two oxides is consistent with 
previous XRD work, which showed only a very slight lattice e3q)ansion 
(less than 1%) In the Bl-Pb02 films, with the rutile structure preserved 
[8, 9]. The value of Vx is slightly but significantly higher for the Bl-Pb02 
film than for the Pb02 film, as is the value of V5. One possible explanation 
for this effect is that V5 is primarily a combination of the v^ and V4 modes. 
Within the limits of error associated with the measurement, then, the 
upward shift in v^ would account for the simultaneous shift in v5, The 
upward shift in v^ could be due to overlap between a single phonon 
excitation (presumably at -675 cm"^, judging by the positions of vg and 
v3) and a higher frequency mode associated with the Bi-O stretch of 
surface oxygen. Alternatively, there could be a surface hydroxyl species 
associated with the Bi atoms which accounts for these same changes in v^ 
and V5, The value of measured on the Pb02 surface is also slightly 
higher than expected (700 cm"^), relative to the spacing between v^, V2 
and v3, suggesting that there is some extra high frequency contribution to 
Vi there as well, perhaps by an analogous species. 
Interpretation of the EEL data after sputtering must be 
accompanied by knowledge that sputtering is known to reduce the 
amount of hydroxide present at a metal oxide surface relative to the 
amount of oxide surface, and even in some cases to convert the oxide to 
the metal [33]. Therefore, the changes in frequency observed after depth 
profiling may be due to changes in chemical composition which are 
present before Ion etching, or to changes which are induced bv ion 
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etching. However, sputtering produces no major changes in the intensity 
or shape of any vibrational features, only changes in frequency. This 
suggests that V5 is more probably a combination band than an O-H 
stretch, since hydroxyl species would almost certainly be depleted by ion 
bombardment, resulting in a decrease in relative intensity of v5. 
In summary, we have used AES and EELS to identify components of 
Pb02 and Bi-Pb02 films. Electrodeposition onto gold foil in HCIO4 
produces chlorine-containing oxides. Depth profiles of the undoped 
Pb02 film suggest that CI segregates to the surface, whereas there is no 
evidence of surface CI segregation in the doped film. Further, the EEL 
spectra of Pb02 consist of equally spaced phonon losses at 700, 1335, 
and 2030 cm'^, a weak v^h mode at 2940 cm"^, and a mode at 3610 cm'^. 
Phonon losses are also observed at 785, 1350, and 2070 cm'^ in EEL 
spectra of Bi-Pb02, a weak v^h mode is again present at 2965 cm"\ and a 
mode at 3770 cm*^ is also present. The differences in vibrational 
frequencies of Bi-doped Pb02, relative to those of Pb02, are quite subtle. 
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